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ABSTRACT 


The  radar  echo  from  Che  sea  Limits  the  ability  of  radar 
to  detect  targets.  A  knowledge  of  the  tea  echo  is  necessary, 
therefore,  for  proper  design  of  radars  that  must  detect  targets 
on  or  over  the  sea.  This  report  briefly  reviews  the  ocean  surface 
characteristics  that  affect  radar  echo  and  summarizes  the  present 
status  of  knowledge  of  the  sea  echo  as  a  function  of  radar  grazing 
angle,  sea  state  and  wind,  polarization,  frequency  and  other  fac¬ 
tors.  A  plot  of  a°  (radar  cross  section  per  unit  area)  aB  a  func¬ 
tion  of  grazing  angle  and  frequency  obtained  from  an  averaged  com¬ 
posite  of  reported  data  shows  that  no  simple  law  of  frequency  de¬ 
pendence  should  be  expected.  The  attempts  made  in  the  past  to 
provide  theoretical  models  describing  the  sea  echo  are  reviewed 
and  lead  up  to  the  presently  accepted  models  of  scattering  surfaces 
composed  of  the  larger  gravity  waves  on  which  are  superimposed  the 
smaller  capillary  waves.  The  influence  of  sea  echo  on  radar  design 
is  discussed  and  is  considerably  different  than  the  usual  design 
restraints  imposed  by  thermal  nctne.  The  potential  application  of 
radar  for  oceanographic  measurer  ants  such  as  sea  state  and  wind  is 
described. 
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A  REVIEW  OF  RADAR  SEA  ECHO* 


l.  INTRODUCTION 

A  radar  that  mutt  detect  targets  on  or  near  the  surface  of  the  sea 
must  cope  with  the  echo  returned  by  the  sea  itself.  The  sea  echo  can  be 
relatively  large  and  in  many  instances  it,  rather  than  receiver  noise, 
limits  the  detection  capability  of  a  radar.  Thus,  when  it  is  necessary 
to  detect  ships,  low  flying  aircraft,  navigation  buoys,  land-sea  bound¬ 
aries  and  ocher  objects  near  or  in  the  water,  a  knowledge  of  sea  echo  is 
important  for  effective  radar  design.  The  character  of  the  sea  echo  Is 
not  only  important  to  the  design  of  radars  but  it  can  also  be  used  to 
obtain  a  measurement  of  ocean  surface  effects  of  Interest  to  the  ocean¬ 
ographer  such  as  surface  roughness  and  wave  patterns. 

Many  measurements  of  the  radar  return  rrom  the  sea  have  been  made 
by  many  experimenters.  These  measurements  have  been  obtained  at  frequen¬ 
cies  ranging  from  HF  to  millimeter  wavelengths  to  optical  wavelengths  and 
under  a  variety  of  conditions.  The  data  covers  a  wide  spread  of  values 
but  even  under  supposedly  identical  conditions  there  has  not  always  been 
good  agreement  among  experiments.  Part  of  the  large  variation  of  data  la 
due  to  the  difficulty  of  measuring  or  describing  the  sea  and  the  environ¬ 
ment.  The  speed,  duration,  fetch  and  direction  of  the  wind  at  the  water 
surface,  the  ocean  currents,  contaminants  such  as  oil,  the  effects  of 
distant  storms  that  propagate  disturbances  of  the  sea  with  low  loss  over 
vast  distances,  bottom  variations,  and  local  weather  can  all  have  an 
effect  on  sea  echo  and  are  difficult  to  measure,  much  less  control,  in 
field  experiments.  Furthermore  there  are  the  usual  difficulties  of  an 
accurate  calibration  needed  for  an  absolute  measurement  of  radar  cross 
section.  Calibration  is  especially  difficult  for  sea  echo  since  it  is 
seldom  measured  under  laboratory- like  conditions.  The  sea  echo  has  also 
been  observed  to  Increase  by  as  much  as  10  db  in  a  one  minute  interval.31 
These  factors,  and  perhaps  others  not  even  known,  all  result  in  uncer¬ 
tainty  in  the  data.  The  radar  designer  must  therefore  take  account  of 
the  variation  of  data  in  his  design  and  in  the  specification  of  perfor¬ 
mance. 


This  report  presents  representative  experimental  data  regarding  sea 
echo  and  its  variation  with  radar  parameters  and  sea  conditions.  Because 
of  the  wide  spread  in  the  data  from  experimenter  to  experimenter  or  even 


*This  report  is  a  slightly  enlarged  version  of  Chapter  26  of  the  RADAR 
HANDBOOK,  Edited  by  M.  I.  Skolnik,  McGraw-Hill  Book  Co.,  New  York,  1970. 


in  different  runs  by  the*  seme' experimenter,  the  curves  of  ses  echo  should 
be  considered  illustrative  rather  than  a  firm  description  applicable  to  all 
conditions.  The  implications  on  radar  design  are  described  and  a  brief 
review  of  existing  sea  echo  theory  is  given.  Although  the  term  sea  echo 
is  used  almost  exclusively  here  (except  in  Sec.  8),  the  terms  sea  clutter 
and  sea  return  are  also  found  in  the  literature. 

The  sea  is  a  distributed  target  and  the  magnitude  of  the  echo  depends 
on  the  area  illuminated  by  the  radar  beam.  To  eliminate  the  effect  of  the 
else  of  the  illuminated  patch,  sea  echo  is  usually  described  in  terms  of 
the  radar  cross  section  per  unit  area  illuminated  and  is  designated  a0  *  a /A, 
where  o  is  the  radar  cross  section  and  A  is  the  area  of  the  sea  illuminated 
by  the  radar.  At  low  grazing  angles  9,  the  area  A  is  approximately  R  83 
(c  t/2)  sec  9,  where  R  is  tne  range,  9g  is  the  asimuth  beamwldth,  c  is  the 
velocity  of  propagation,  and  t  is  the  pulse  width  (Pig.  1).  At  high  grazing 
angles  where  the  illuminated  area  is  determined  only  by  the  antenna  beam* 
width  rather  than  the  pulse  width,  the  area  is  apprc  mately  R8  Og.  where 
is  the  solid  angle  of  the  radar  antenna  in  steradlans.  The  parameter  a° 
is  sometimes  called  the  clutter  coefficient. 

Much  of  the  terminology  of  the  oceanographer  used  to  describe  the  sea 
is  often  unfamiliar  to  the  radar  engineer.  Some  of  the  more  useful  terms 
for  the  description  of  sea  echo  are  given  below:1 

Wind  wave  --  A  wave  resulting  from  the  action  of  the  wind  on  a 
water  surface.  While  the  wind  is  acting  on  it,  it  is  a 
sea,  thereafter,  a  swell. 

Gravity  wave  ••  A  wave  whose  velocity  of  propagation  is  controlled 
primarily  by  gravity.  Water  waves  of  length  greater  than  2 
inches  are  considered  gravity  waves. 

Capillary  wave  (also  called  ripple .  capillary  ripple!  --  A  wave 
whose  velocity  of  propagation  is  controlled  primarily  by 
the  surface  tension  of  the  liquid  in  which  the  wave  is 
traveling.  Water  waves  of  length  less  than  one  inch  are 
considered  to  be  capillary  waves. 

Fetch  --  1.  (Also  called  generating  area)  An  area  of  the  sea 
surface  over  which  seas  are  generated  by  a  wind  having  a 
constant  direction  and  speed.  2.  The  length  of  the  fetch 
area,  measured  in  the  direction  of  the  wind  in  which  the 
seas  are  generated. 
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Duration  --  The  Length  of  time  the  wind  blows  in  essentially  the 
same  direction  over  the  fetch. 

Swell  --  Ocean  waves  which  have  traveled  out  of  their  generating 
area.  Swell  characteristically  exhibits  a  more  regular  and 
longer  period  and  has  flatter  crests  than  waves  within  their 
fetch. 

Sea  --  Waves  generated  or  sustained  by  winds  within  their  fetch; 
opposed  to  swell. 

Wave  spectrum  --  A  graph  showing  the  distribution  of  wave  heights 
(or  square  of  the  wave  heights)  with  respect  to  frequency 
In  a  wave  record. 

Sea  state  --  The  numerical  or  written  description  of  ocean  surface 
roughness.  For  more  precise  usage,  ocean  sea  state  may  be 
defined  as  the  average  height  of  the  highest  one- third  of 
the  waves  observed  in  a  wave  train,  referred  to  a  numerical 
code  as  shown  in  Table  1. 

Fully- developed  sea  (also  called  fullv-arlsen  jiea)  --  The  maxi¬ 
mum  height  to  which  ocean  waves  can  be  generated  by  a  given 
wind  force  blowing  over  sufficient  fetch,  regardless  of 
duration,  ae  a  result  of  all  possible  wave  components  In  the 
spectrum  being  present  with  their  maximum  amount  of  spectral 
energy. 

Significant  wave  height  --  The  average  height  of  the  on  third 
highest  waves  of  a  given  wave  group.  (Height  is  the  ver¬ 
tical  distance  between  a  crest  and  a  trough.) 

There  have  been  three  qualitative  scales  to  describe  sea  state. 

Table  1.  The  Hydrographic  Office,  or  Douglas  scale,  has  been  widely 
used  but  it  is  supposed  to  be  replaced  by  the  World  Meteorological  Organi¬ 
zation  (WHO)  Code  751  shown  in  the  right  hand  column.  The  Douglas  scale 
in  its  complete  form  (not  shown  in  the  table)  specifies  two  numbers,  one 
to  describe  the  sea  and  the  other  the  swell.  A  third  system  is  the  Beau¬ 
fort  number  for  reporting  wind  speeds,  which  dates  back  to  the  early  nine¬ 
teenth  century.  The  Beaufort  number,  in  addition  to  specifying  the  wind 
speed,  sometimes  has  been  used  to  describe  the  corresponding  effect  on 
the  sea  since  there  is  a  correlation  between  the  wind  and  the  sea  con¬ 
ditions.  Any  qualitative  description  of  the  sea  is  not  as  meaningful  to 
the  radar  designer  as  specifying  the  value  of  o°  that  corresponds  to  the 
sea  conditions.  In  many  instances  of  radar  design,  the  sea  state  number 
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is  coo  fine  a  scale  considering  all  che  uncertainties  associated  with  its 
measurement  and  its  relation  to  c°  so  that  a  courser  description  is  often 
employed;  such  as,  for  example,  dividing  the  sea  into  the  three  regimes 
of  smooth,  medium,  and  rough. 

Kinsman8  gives  the  following  estimate  of  the  percentage  occurrence 
of  wave  heights  for  the  ocean  as  a  whole: 


wave  height  (ft) 

0-3  3-4  4-7  7-12 

over 

12-20  20 

frequency  of 

occurrence  (percent) 

20  25  20  15 

10  10 

Thus  45  percent  of  the  ocean  waves  are  less  than  4  feet  high,  80  percent 
are  less  Chan  12  feet  high,  and  only  10  percent  are  greater  than  20  feet 
high.  The  relative  frequency  of  wave  heights  in  the  various  regions  of 
che  world  may  be  found  in  Kef.  3. 

Sea  waves  are  generated  by  the  wind  and  differ  from  swell  in  both 
physical  appearance  and  in  their  effect  on  radar  echo.  Individual  sea 
waves  are  more  peaked  than  pure  sine  waves  and  tend  to  be  skewed  in  the 
direction  of  propagation.  They  are  irregular,  chaotic,  short-crested 
(length  along  the  crest  of  the  same  order  of  magnitude  ss  the  wavelength), 
mountainous  and  unpredictable  except  in  a  statistical  sense.  Sea  waves 
contain  many  small  waves  superimposed  on  the  larger  waves  and  their  spec¬ 
trum  covers  a  wide  range  of  frequencies  and  directions.  Swell  waves  are 
more  regular  than  sea  waves,  are  longer  crested,  have  more  rounded  cops 
and  are  more  predictable.  Their  spectrum  covers  a  narrow  range  of  fre¬ 
quencies  and  directions.  Periods  range  from  5  to  30  sec.  Swell  waves 
in  the  absence  of  wind  return  considerably  less  radar  echo  than  sea  waves. 

Gravity-wave  characteristics  are  controlled  by  gravity.  Both  wind¬ 
generated  sea  waves  and  swell  can  be  included  in  this  category.  The 
period  of  gravity  waves  varies  from  about  one  sec  to  30  sec.  In  deep 
water  (depth  greater  than  a  half  a  wavelength),  classical  wave  theory 
gives  the  following  approximate  reletions  for  the  wavelength  L  (ft),  the 
period  T  (sec)  and  the  velocity  v  (knots):4 


L  =  5Ta  (1) 


v  =  3T  (2) 


These  apply  to  individual  sine  waves  and  it  should  be  cautioned  that  they 
might  not  correctly  describe  measurements  of  che  average  parameters  of 
an  Irregular  sea. 
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Capillary  waves  have  periods  leas  chan  about  0.1  sec.  Like  sea  waves 
they  are  generated  by  the  wind  but  surface  tension  rather  than  gravity  is 
the  force  controlling  their  characteristics.  Wavelengths  less  than  about 
one  inch  are  considered  capillary  waves.  Waves  of  longer  period  and  length 
for  which  surface  tension  cannot  be  neglected  are  classed  as  ultra-gravity 
waves.  Capillary  waves  are  quite  sensitive  to  the  wind.  If  the  breeze 
that  generated  the  capillary  waves  dies  out,  they  soon  flatten  and  the  sea 
abruptly  becomes  smooth  again.  This  is  in  contrast  to  gravity  waves.  If 
the  wind  generating  gravity  waves  stops,  they  continue  to  run  and  become 
swell.  The  phase  velocity  of  capillary  waves  decreases  with  increasing 
wave  height,  exactly  opposite  to  the  way  gravity  waves  behave.  When  cap¬ 
illary  waves  interact  with  the  longer  gravity  waves,  the  capillary  waves 
appear  to  be  concentrated,  at  times,  on  the  forward  face  of  the  gravity 
wave  Just  before  the  sharp  crest.44*  80  The  crests  of  short  capillary 
waves  are  found  to  be  almost  parallel  to  the  wind  in  some  experiments.60 
The  crests  of  capillary  waves  are  generally  long  and  rounded  with  short 
sharp  troughs.3  Capillary  waves  seem  to  be  the  dominant  scatterer  when 
the  sea  is  viewed  by  radars  at  the  higher  microwave  frequencies  (X  band  or 
greater). 

The  wave  height  is  not  fixed  in  relation  to  the  wavelength,  but  depends 
on  the  wind  generating  it.  Theoretical  considerations  show  that  a  wave 
becomes  unstable  and  breaks  if  the  angle  formed  by  the  crest  approaches  120° 
and  that  the  height  can  be  no  greater  than  1/7  of  the  length.  Observations 
of  gravity  waves  indicate  the  height- to- length  ratio  to  vary  from  0.1  to 
0.008. 3  The  ratios  for  capillary  waves  can  be  greater.  From  the  analysis 
of  Crapper  as  reported  by  Kinsman3  the  maximum  height- to- length  is  0.73  for 
capillary  waves  controlled  by  surface  tension.  They  do  not  break  as  do 
gravity  waves,  but  entrap  air  in  the  troughs  beyond  the  maximum  height- to- 
lengih  ratio. 

It  takes  a  finite  time  for  a  sea  to  develop  once  the  wind  is  blowing. 
The  term  fully  developed  sea  describes  the  condition  when  the  ocean  waves 
have  reached  their  maximum  height  when  generated  by  a  given  wind  force. 
Figure  2  shows  the  average  wave  height,  the  significant  wave  height  and 
the  average  height  of  the  one-tenth  highest  waves  as  a  function  of  wind 
speed  when  the  sea  is  fully  developed.  A  wind  velocity  of  10  knots  blow¬ 
ing  for  2.4  hours  over  a  fetch  of  at  least  10  nm  produces  a  fully  devel¬ 
oped  sea  with  a  significant  wave  height  of  1.39  ft.11  A  20  knot  wind 
over  a  75  nm  fetch  blowing  for  10  hours  results  in  a  fully  developed  sea 
with  a  significant  wave  height  of  7,9  ft.  A  30  knot  wind  and  23  hour 
duration  give  a  height  of  21.7  ft  if  the  fetch  is  280  run.  Figure  3  shows 
the  growth  of  wave  height  with  wind  duration  for  a  wind  speed  of  20  knots. 
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If  the  heigut  of  the  water  surface  were  recorded  at  some  point,  the 
variation  of  height  with  time  would  not  be  a  simple  sinusoid  but,  in 
general,  it  would  appear  noise-like.  Being  noise-like  means  that  the 
precise  variation  of  height  with  time  cannot  be  predicted  from  the  pre- 
ceding  measurements  anymore  than  can  the  voltage  waveform  of  receiver  4 

noise  be  predicted  precisely  on  the  basis  of  past  measurements.  A 
record  of  the  wave  height  at  a  particular  location  would  also  bear  little 
resemblance  to  the  waveform  at  some  other  location.  Thus  the  height  of 
the  sea  surface  is  found  to  be  random  with  time  and  location  with  a  dis¬ 
tribution  that  can  be  approximated  by  a  Gaussian  statistical  process.46 

Although  the  statistical  nature  of  the  sea  surface  was  recognized  in 
the  early  days  of  wave  research,  the  complexities  of  statistical  analysis 
were  avoided  by  assigning  average  values  to  wav  .ngths,  periods,  direc¬ 
tions  and  other  wave  properties.  Average  values  are  convenient  to  use 
and  simplify  the  discussion  of  wave  properties  but  they  are  not  suitable 
descriptors  of  the  sea  for  many  purposes  and  the  statistical  character¬ 
ization  of  the  sea  must  be  introduced.  The  usual  method  for  expressing 
statistical  wave  properties  is  by  the  power  spectrum.  This  is  a  plot  of 
the  distribution  of  the  square  of  the  wave  heights  as  a  function  of  the 
wave  frequency  (or  wavelength)  and  the  direction.  The  wave  spectrum  is 
thus  a  function  of  the  two  parameters  of  direction  and  wave  frequency 
and  can  be  pictured  as  a  two-dimensional  contour  plot  with  frequency  and 
direction  as  coordinates.48  Figure  4  is  a  representation  of  such  a  two- 
dimension  contour  plot.  (The  contours  are  of  dimension  ft3-sec.)  Ocean¬ 
ographers  generally  give  the  wave  spectrum  in  terms  of  the  square  of  the 
wave  height  rather  then  the  wave  height  since  the  average  energy  per  unit 
area  of  the  sea  surface  is  gph5,  where  g  =  acceleration  of  gravity,  p  = 
density  of  water,  and  Tr3  is  the  m?an  square  elevation  (or  depression)  of 
the  sea  surface  from  the  undisturbed  sea  level.47 

Two  dimensional  wave  spectre  difficult  to  measure  and  a  one¬ 
dimensional  spectrum  is  often  used  by  integrating  the  effects  of  direc¬ 
tion.  Figure  5  is  an  example  of  a  one* dimensional  wave  spectrum  for 
several  wind  speeds.  Note  that  the  displacement  of  the  maximum  spectral 
energy  decreases  to  lower  frequencies  (longer  wavelengths)  with  increas¬ 
ing  wind  speed. 

Measured  spectra  generally  apply  to  the  longer  gravity  waves  because 
of  the  difficulty  of  observing  the  small  capillary  waves  in  the  presence 
of  the  larger  waves.  The  frequency  transition  between  capillary  and 
gravity  waves  It  sometimes  taken  as  13.5  Hr..  This  is  the  wave  frequency 
at  which  the  phase  velccity  is  c  minimum.  It  corresponds  to  a  wave¬ 
length  c f.  1.7  cm  and  a  velocity  of  23  cm/sec.  At  both  higher  frequen¬ 
cies  (capillaries)  and  lower  frequencies  (gravity  waves)  the  phase 
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velocity  is  higher. 60  From  laboratory  measurements  of  capillary  wave 
spectra  there  is  a  cendency  for  the  spectrum  to  peak  at  high  frequency.  * 

The  peak  moves  to  higher  frequencies  and  broadens  with  increase  in  wind 
speed.  The  cutoff  at  still  higher  frequencies  results  from  the  inability 
of  the  wind  to  supply  energy  to  shorter  waves  at  a  sufficiently  rapid 
rate  to  overcome  viscosity.  0 


2.  GRAZING  ANGLE 

Figure  6  depicts  how  a0  might  vary  as  a  function  of  the  gracing  angle.* 
Three  distinct  regions  can  be  identified.  In  the  quasi- specular  region 
near  vertical  incidence  the  radar  echo  is  quite  large.  Measured  values  of 
o°  at  90°  often  lie  between  0  db  and  +10  db  for  medium  seas.  (It  is  common 
to  express  a°  in  decibel  notation,  that  is,  c°(db)  =  10  log10o°.  )  The  large 
echo  at  vertical  incidence  is  called  the  altitude  return  and  is  apparently 
due  to  specular  scatter  from  facet- like  surfaces  oriented  in  the  direction 
of  the  radar.  Altitude  return  is  of  importance  in  designing  radars  that 
operate  over  water  since  the  echo  at  vertical  incidence  sometimes  can  be 
large  enough  to  allow  energy  to  enter  the  radar  via  the  sldelobes  and  inter¬ 
fere  even  when  the  main  beam  is  pointing  at  some  angle  at  which  the  sea  echo 
is  low. 

Water  waves  cannot  achieve  too  large  a  slope  without  breaking  and  be¬ 
coming  spray  and  droplets.  Thus,  below  some  grazing  angle  there  will  be 
little  likelihood  of  significant  specular  return  from  the  facets  consti¬ 
tuting  the  surface  of  the  sea.  In  the  preceding  section  it  was  noted  that 
the  maximum  included  angle  at  the  crest  could  be  no  less  than  120s,  which 
would  make  the  minimum  grazing  angle  for  quasi- specular  reflection  to  be 
60°.  The  plateau  region  is  the  name  given  to  that  part  of  Fig.  6  where 
the  grazing  angles  are  below  those  which  produce  quasi-specular  reflection 
from  facets.  Sometimes  this  is  called  the  diffuse  region.  The  boundary 
between  the  plateau  region  and  the  quasi-specular  region  is  called  the 
transition  angle.  The  transition  is  a  gradual  one  and  it  is  difficult  to 
define  a  precise  boundary.  (Sometimes  the  transition  angle  appears  more 
evident  when  the  angle  coordinate  (abscissa)  is  plotted  on  a  logarithmic 


*The  term  grazing  ar.gle  is  more  cocmonly  used  than  incidence  angle.  The 
former  is  measured  from  the  horizontal,  the  latter  from  the  vertical. 
The  depression  angle  is  also  measured  from  the  horizontal,  but  at  the 
radar  antenna  rather  than  where  the  radar  beam  intersects  the  surface. 
When  the  earth's  curvature  must  be  considered,  the  depression  angle  and 
the  grazing  angle  are  not  equal  as  they  would  be  for  a  "flat"  earth. 
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rather  than  a  linear  scale.  It  Is  also  more  evident  with  measurements 
made  of  a  calm  sea  rather  than  one  that  is  rough.)  The  value  of  c°  in 
the  plateau  region  for  vertical  polarisation  decreases  slightly  with 
decreasing  angle;  some  experiments  show  a  decrease  of  about  0.15  db/degree 
at  microwave  frequencies.  With  horizontal  polarisation,  the  slope  of  the 
<j°  curve  seems  to  be  greater  the  lower  the  frequency.  Backscatter  from 
the  sea  in  the  plateau  region  is  similar  to  backscatter  from  a  rough  sur¬ 
face.  The  chief  scatterers  in  this  region  are  those  elements  of  the  sea 
that  are  of  dimension  comparable  to  an  RF  wavelength  and  which  ride  on 
top  of  the  larger-wave  structure. 

At  very  low  gracing  angles,  of  the  order  of  several  degrees  or  less 
for  microwave  frequencies,  c°  decreases  rapidly  with  decreasing  angle. 

In  this  region  the  direct  wave  interferes  with  the  wave  reflected  from 
the  surface  in  a  manner  similar  to  chat  experienced  for  propagation  over 
a  smooch  earth,  hence  the  name  Interference  region.  The  approximate 
angle  at  which  transition  occurs  between  the  plateau  and  interference 
regions  is  called  the  critical  angle.  The  critical  angle  is  generally 
easier  to  identify  experimentally  than  the  transition  angle.  With  suf¬ 
ficiently  low  frequency  the  critical  angle  may  be  high  enough  so  that 
neither  a  critical  angle  nor  a  transition  angle  can  be  readily  identified. 
Below  the  critical  angle,  theory  indicates  o°  to  vary  as  the  fourth  power 
of  the  grazing  angle.  The  critical  angle  is  difficult  to  determine  pre¬ 
cisely  but  it  is  found  to  depend  on  the  frequency,  polarization  and  sea 
state.6 

The  echo  at  low  grazing  angles  with  vertical  polarization  is  also 
affected  by  the  Brewster  angle.*  At  the  Brewster  angle  the  reflection 
coefficient  is  a  minimum  and  the  forward  scattered  wave  is  small  and 
interference  effects  are  less  prominent.  Also  at  low  angles,  shadowing 
of  the  area  behind  the  waves  can  modify  the  nature  of  the  echo  for  either 
polarization. 

Measurements  of  o°  as  a  function  of  angle  have  been  carried  out  in 
at  least  three  different  ways.  The  most  convenient  is  from  land  looking 
over  the  water.  Grazing  angles  at  microwave  frequencies  are  then  usually 
limited  to  less  than  10°.  In  such  experiments  care  must  be  taken  to 


^According  to  Ref.  25,  this  should  be  called  a  pseudo  Brewster  angle  for 
the  case  of  the  sea.  The  classical  Brewster  angle  is  observed  only  for 
reflections  from  pure  dielectrics.  However,  much  of  the  literature  on 
radar  sea  echo,  including  this  report,  fails  to  make  this  distinction. 
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select  sites  that  observe  sufficiently  deep  water  so  chat  the  effect  of  the 
shore  does  not  enter  into  the  measurements.  Suitable  sices  are  few.  Sea 
echo  measurements  have  also  been  made  from  bridges  overlooking  water. 

Higher  grating  angles  can  be  obtained  but  bridge  sites  generally  do  not 
overlook  water  typical  of  ocean  conditions.  A  third  method  for  sea  echo 
measurements  is  an  aircraft-mounted  radar.  Higher  angles  of  elevation 
can  be  obtained  from  aircraft  than  from  a  land  site.  Aircraft  have  the 
further  advantage  in  that  they  can  observe  sufficiently  far  from  land  and 
can  cover  a  wide  region  of  the  ocean.  However,  it  is  more  difficult  to 
know  the  environmental  conditions  and  precise  character  of  the  sea  from  an 
aircraft  and  to  make  an  accurate,  absolute  calibration  of  the  measurement 
apparatus.  Blimps  also  have  been  used  as  airborne  radar  platforms  for  sea 
echo  measurement.  Satellites  offer  an  excellent,  but  expensive,  means  for 
measuring  sea  echo  on  a  world-wide  basis  at  relatively  frequent  observation 
intervals. 

Figure  7  shows  a  composite  of  data  derived  from  the  results  of  several 
experiments,  chiefly  from  chose  conducted  over  the  years  by  the  Naval  Re¬ 
search  Laboratory.  It  does  not  correspond  to  any  particular  set  of  experi¬ 
mental  data  but  it  is  believed  to  be  representative.  As  mentioned  pre¬ 
viously  the  variability  of  experimental  sea  echo  data  is  great  and  does  not 
warrant  the  preciseness  with  which  Fig.  7  is  apparently  drawn.  Even  in  the 
laboratory  it  is  difficult  to  measure  the  absolute  radar  crosB  section  to 
within  one  or  two  db.  Greater  differences  are  more  likely  when  the  target 
is  of  a  complex  nature.  Under  field  conditions  where  sea  echo  is  generally 
measured  the  degree  of  uncertainty  can  be  worse  than  in  the  laboratory. 

It  is  difficult  to  specify  the  likely  error  in  sea  echo  measurements,  but 
it  is  the  writer's  opinion  that  agreement  on  a  relative  basis  between 
experiments  should  not  be  expected  to  be  better  than  3  to  6  db,  perhaps 
even  worse.  Thus,  instead  of  a  thin  line  to  depict  the  data  of  Fig.  7,  a 
broad  strip  perhaps  ±3  db  in  width  might  be  drawn  to  indicate  uncertainty. 
(This  was  not  done  in  this  figure  since  it  would  have  resulted  in  a  con¬ 
fused  drawing  because  of  the  overlap  among  the  bands  ±3  db  in  width.) 

Even  though  the  individual  data  from  which  this  set  of  curves  was  drawn 
was  highly  variable,  the  composite  is  believed  to  be  more  reliable  than 
any  of  its  parts  because  of  the  "smoothing"  that  can  be  accomplished  when 
plotting  the  data  available  over  a  range  of  frequencies  and  other  experi¬ 
mental  conditions.  Figure  7  was  derived  from  a  variety  of  data  extending 
over  a  range  of  wind  speeds  of  roughly  10  to  20  knots.  Although  this  is 
a  relatively  broad  range  of  wind  and  sea  state,  the  variability  of  the 
available  data  does  not  permit  narrower  limiting  of  these  parameters  at 
the  time  of  writing.  The  radar  system  designer  must  recognize  the  vari¬ 
able  nature  of  sea  echo  and  take  proper  account  of  its  variation  during 
design. 
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Fig.  7  -  Composite  of  data  showing  the  variation  of  <7° with  gracing  angle, 
frequency  and  polarization  for  a  ‘  ‘medium"  sea. 
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According  to  Fig.  2  and  Table  1,  the  sea  state  ranges  from  2  to  4  \ 

for  winds  ranging  from  about  10  to  20  knots.  Thus  Fig.  7  data  might  be  ; 

described  as  a  medium  sea  and  might  correspond  to  a  state  3  sea.  Fig* 

ure  7  also  Indicates  the  frequency  and  polarization  dependence.  The  \ 

data  for  220  MHz88  extended  only  to  14®  but  was  (boldly)  extrapolated  .  * 

to  higher  angles.  The  experimental  data  for  50  MHz83  did  not  extend  to 

low  angles;  but  since  this  is  in  the  interference  region,  the  curve  was  ; 

extrapolated  according  to  a  94  law.  Both  the  220  MHz  and  the  50  MHz  data  \ 

were  taken  at  a  lower  sea  state  than  the  higher  frequency  data.  The  data 

is  included  here  nonetheless  since  no  other  was  available  and  since  it  is  | 

guessed  that  the  difference  between  sea  state  1  and  sea  state  3  is  hope*  ' 

fully  small  at  these  frequencies  and  grazing  angles.  i 

a 

Above  about  10°,  o°  for  vertical  polarization  appears  the  same  at  ^ 

both  X  and  L  bands.  There  is  some  indication  that  the  sea  echo  with  ver¬ 
tically  polarized  radiation  is  independent  of  frequency  in  the  plateau 
region  and  the  quasi-specular  region  if  the  frequency  is  below  X  band.19 
Above  X  band  the  vertically  polarized  echo  seems  to  increase  with  fre¬ 
quency  as  Indicated  by  the  data  of  Grant  and  Yaplee9  shown  later  in  Fig.  8. 

In  the  quasi-specular  region,  sea  echo  appears  independent  of  both  the 
frequency  (at  least  at  X  band  and  below)  and  the  polarization. 


3.  SEA  STATE  AND  WIND 

It  is  difficult  to  measure  experimentally  the  effect  of  the  wind  and 
sea  state  on  radar  echo.  Such  mearurements  require  a  substantial  period 
of  time  to  obtain  a  wide  variation  of  sea  and  wind  conditions.  Since  the 
sea  state  depends  on  the  wind  it  is  not  always  easy  to  determine  which  is 
the  more  important  factor  affecting  i he  radar  echo  from  the  sea.  Gener¬ 
ally  at  the  higher  microwave  frequencies  (X  band  or  above)  and  low  graz¬ 
ing  angles,  the  wind  is  found  to  be  a  significant  parameter  with  which 
to  correlate  radar  sea  echo.  At  the  lower  frequencies  and  higher  graz¬ 
ing  angles  the  wave  characteristics  are  probably  more  significant  than 
the  wind  velocity. 

If  the  sea  is  calm  and  undisturbed  by  the  wind,  the  radar  echo  is 
small  (except  at  angles  near  normal  incidence).  As  the  wind  builds  up 
and  exceeds  approximately  5  to  10  knots,  the  sea  echo  increases  rapidly 
from  its  very  small  value.  It  takes  a  finite  time  for  the  waves  to  build 
up  as  was  shown  in  Fig.  3.  The  greater  the  wind  the  longer  it  takes  for 
the  sea  to  become  fully  developed.  It  is  common  to  observe  old  wind  waves, 
present  wind  waves  and  swells  existing  at  the  same  time.  The  fact  that 
swells  often  arrive  in  an  area  from  a  direction  other  than  the  local  wind 
also  contributes  to  the  variability  of  data. 
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Capillary  and  shore  gravity  waves  are  excited  in  a  matter  of  seconds 
and  the  radar  backscattar  at  the  higher  microwave  frequencies  builds  up 
quickly  with  the  wind.  At  the  lower  frequencies,  the  increase  in  sea 
echo  lags  in  time  the  build  up  of  the  wind  because  of  the  duration  re¬ 
quired  for  development  of  the  longer  water  waves.  There  is  much  experi¬ 
mental  evidence  to  show  that  in  the  absence  of  wind  there  is  but  a  small 
sea  echo  at  the  higher  microwave  frequencies.  Swell  with  waves  as  high 
as  10  ft  have  yielded  but  low  sea  echo  when  viewed  at  low  grazing  angles 
with  X  band  in  the  absence  of  wind. 

Prom  the  observations  of  sea  echo  with  wind  it  appears  that  the  X-band 
echo  is  associated  with  capillary  waves.  These  are  of  a  wavelength  compa¬ 
rable  to  the  radar  wavelength.  Another  Important  piece  of  experimental 
evidence  relating  the  X-band  sea  echo  to  capillary  waves  is  that  when  con¬ 
taminants,  such  as  oil,  are  Introduced  in  the  water  the  capillary  waves 
are  dampened  and  the  microwave  sea  echo  is  reduced.  Controlled  laboratory 
experiments  in  water  tanks  also  show  the  Importance  of  capillary  waves  at 
microwave  frequencies.18 

In  spite  of  the  difficulties  of  describing  the  sea  conditions  and 
winds,  the  effect  of  these  factors  on  sea  echo  has  been  studied  and  some 
general  trends  can  be  discerned.  Generally,  a°  will  increase  as  the  sea 
becomes  rougher  except  at  angles  near  vertical  incidence  where  the  oppo¬ 
site  effect  occurs. 

Grant  and  Yaplee9,  using  a  bridge-mounted  radar  overlooking  a  river, 
made  observations  of  the  sea  echo  as  a  function  of  wind  at  wavelengths  of 
8.6  mm,  1.25  cm  and  3.2  cm  (Fig.  8).  They  indicated,  and  many  others  have 
verified,  that  for  wind  velocities  below  5  knots  the  echo  was  quite  small, 
except  at  grazing  angles  near  the  perpendicular.  Por  glassy  calm  water 
the  reflection  at  normal  incidence  was  very  high  (theoretically  c°  is 
equal  to  G/4,  where  G  =  gain  of  the  observing  antenna,  when  viewing  a 
perfect  reflector  at  normal  incidence)  and  decreased  more  than  35  db  at 
angles  only  10°  from  normal  incidence.  They  found  that  for  grazing  angles 
near  90°  (normal  incidence),  o°  was  reduced  by  the  presence  of  the  wind. 

Ac  grazing  angles  less  than  about  80°,  ct°  increased  in  the  presence  of 
wind. 


Measurements  by  Macdonald10  at  L  band  show  similar  effects  of  the  wind. 
Pig.  9.  As  the  grazing  angle  varies  from  50°  to  8s  the  value  of  a°  de¬ 
creases  from  -30  to  -60  db  for  horizontal  polarization  and  low  winds.  This 
data  also  shows  that  a°  is  more  sensitive  to  wind  when  the  polarization  is 
horizontal  rather  than  vertical. 
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Experimental  measurements  made  at  X  band  at  low  grazing  angles  show 
ct°  to  increase  rapidly  with  wave  height  but  Indicate  little  or  no  increase 
when  the  wave  height  is  greater  than  about  2  to  3  ft.13 

The  variation  of  o°  with  angle  in  the  vicinity  of  normal  Incidence 
seems  to  be  related  to  the  distribution  of  the  water  wave  slopes  which 
In  turn  depends  upon  the  sea  state  or  roughness.  Figure  10  illustrates 
the  nature  of  this  theoretical  dependence.  These  curves  are  computed 
for  various  values  of  the  ras  slope  of  the  sea  surface,  tan  p0,  and  apply 
to  the  higher  microwave  frequencies.  As  the  surface  becomes  rougher  p0 
increases  and  the  echo  at  normal  incidence  is  less.  This  variation  with 
P0  might  be  used  to  determine  the  surface  roughness  by  radar  measurements 
of  a°  as  a  function  of  angle  in  the  quasi* specular  region.  The  radar 
might  be  located  in  an  aircraft  or  a  satellite. 

Figure  10  is  based  on  the  analysis  of  Spizzichino6  who  considered 
the  surface  of  the  sea  to  consist  of  elemental  "mirrors,"  or  facets, 
much  larger  than  the  RF  wavelength.  The  major  pArt  of  the  scattering  is 
due  to  those  facets  oriented  in  the  direction  of  the  radar.  If  the  facets 
are  distributed  normally  with  an  rms  slope  tan  p0,  the  sea  clutter  coeffi- 
cient  is 


0°  (9)  *  Mi  cot3  p0  exp 


(• 


cot3  (o 

tan  Vo 


) 


(3) 


where  cp  is  the  grazing  angle.  The  value  of  m  is  said  to  be  of  the  order 
of  unity  at  X  band  and  in  the  millimeter  wave  region.6  It  also  seems  to 
be  Independent  of  the  sea  state  and  the  wind  speed  at  these  shorter  wave¬ 
lengths.  At  UHF,  pi  appears  to  be  much  smaller  and  might  be  about  0.1, 
but  the  data  on  which  this  is  based  is  limited.  (These  values  of  u  are 
based  on  experimental  data.  It  would  seem,  however,  that  p.  should  at 
least  equal  the  reflection  coefficient.)  At  cp  =  90°  and  when  m  =  1, 

Eq.  (3)  shows  0°  =  cot3  pQ.  Thus  a0  at  normal  Incidence  is  the  Inverse 
square  of  the  rms  slope  of  the  surface.  Although  this  model  gives  re¬ 
sults  in  rough  qualitative  agreement  with  experiment,  measurements  dif¬ 
fer  significantly  from  this  theory  in  both  the  value  at  normal  incidence 
and  the  rate  of  decrease  with  decreasing  angle.  The  theoretical  curves 
of  Fig.  10  do  not  seem  to  fall  off  as  rapidly  as  shown  by  experiment  and 
the  crossover  at  which  a0  increases  with  wind  instead  of  decreases  is 
about  30  to  70s  instead  of  the  observed  80  to  85°.  Thus  Eq.  (3)  and  the 
theory  on  which  it  is  based  should  be  suspect. 
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The  effecc  of  wind  depends  on  the  grazing  angle.  At  normal  inci¬ 
dence,  a0  decreases  with  increasing  wind  as  shown  in  Fig.  11.  This  is 
a  composite  of  data  at  X  band  and  L  band.  The  two  are  drawn  on  the  same 
curve  assuming  there  is  negligible  frequency  dependence  of  a  at  normal 
incidence.  At  normal  incidence  the  usual  meaning  of  "horizontal"  and 
"vertical"  polarization  disappears. 

In  the  plateau  region  the  opposite  occurs  in  that  c°  increases  with 
increasing  wind.  From  about  5  to  30  knots  the  microwave  radar  echo  in¬ 
creases  with  increasing  wind  at  the  rate  of  about  0.8  db/knot  when  the 
polarization  is  horizontal  and  the  grazing  angle  is  approximately  10°. 

The  increase  with  vertical  polarization  is  less  but  the  data  is  too 
uncertain  to  state  how  much  less.  For  want  of  a  better  number  some  data 
indicates  a  variation  of  about  1/3  db/knot.  In  the  vicinity  of  60°  graz¬ 
ing  angle  the  sea  echo  increases  at  about  1/3  db/knot  with  horizontal 
polarization.  At  winds  from  30  to  40  knots  a°  increases  as  a  slower  rate, 
perhaps  0.2  to  0.3  db/knot  or  less  in  the  plateau  region  (10°  grazing 
angle).  Some  observers  report  a  saturation  at  higher  wind  speeds  where 
no  increase  in  a0  is  found  with  increasing  wind.7*  39  One  of  the  diffi¬ 
culties  in  relating  experimental  a°  data  to  the  reported  wind  speeds  is 
that  it  is  seldom  reported  when  the  sea  is  fully  developed  so  that  the 
wind  might  not  always  be  a  true  indicator  of  sea  conditions. 

Wu43  has  shown  that  the  interaction  of  the  wind  on  the  water  can  be 
divided  into  three  regimes.  At  very  low  wind  velocity  (a  "breeze"  less 
than  3  m/sec,  or  about  6  knots)  the  air  flow  near  the  surface  is  aero- 
dynamically  smooth.  This  corresponds  to  sea  state  0  to  1  and  Beaufort 
number  0  to  1.  For  winds  between  3  m/sec  and  15  m/sec  (6  knots  and  30 
knots,  sea  state  1  to  4,  or  Beaufort  number  1  to  6)  the  surface  rough¬ 
ness  increases  with  wind  until  it  reaches  a  saturation  at  15  m/sec,  or 
30  knots.  Above  15  m/sec  the  wind  velocity  is  greater  than  the  average 
wave  phase  velocity.  As  the  wind  blows  harder,  the  transfer  of  more 
energy  from  the  air  merely  provides  energy  to  waves  with  large  wave¬ 
lengths.  The  very  high  phase  velocities  and  relatively  flat  shapes  of 
these  waves  do  not  contribute  to  surface  roughness.11  Wu  suggests  that 
the  surface  roughness  is  governed  by  the  amplitude  of  the  short  gravity 
waves  rather  than  the  mean  square  surface  slope.  These  three  regimes 
seem  to  agree  qualitatively  with  microwave  radar  observations  of  sea 
echo.  In  the  aerodynamic ally  smooth  region  (less  than  3  m/sec)  the  sea 
echo  is  found  to  be  small.  The  sea  echo  increases  with  increasing  wind 
when  the  surface  roughness  increases  with  wind  speed  from  3  m/sec  to  15 
m/sec.  The  presence  of  a  saturated  condition  with  winds  greater  than 
15  m/sec,  or  30  knots,  is  also  consistent  with  radar  experience. 
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UPWIND -DOWNWIND  RATIO  (dB) 


Fig.  11  -  c  0  as  a  function  of  wind  for  normal  inci¬ 
dence  (9  =  90°).  Solid  curve  ia  based  on  the  data 
of  Grant  and  Yaplee  9  at  X  band.  Dashed  curve  is  an 
extension  to  include  the  L-band  data  of  Macdonald10 
at  30  knots  wind  speed. 


Fig.  12  -  upwind-downwind  ratio  of  radar  return  from  a  wind-swept 
water  surfnne  as  a  function  of  grazing  angle  for  three  wind  velocities 
for  \  =  avg.  of  3  and  5  cm  data  derived  from  water  wave  tank  mea¬ 
surements.  Dashed  curve  is  for  X  =  1  cm.14 
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Many  observers  have  noted  that  the  upwind  sea  echo  (radar  looking 
into  the  wind)  is  generally  greater  than  the  values  obtained  from  other 
viewing  aspects.  Schooley14  has  measured  the  statistical  distributions 
of  facet  site  (facets  are  the  small  patches  of  the  sea  surface  assumed 
in  some  models  of  the  sea  to  be  the  elemental  acatterera),  in  relation¬ 
ship  to  wind  velocity,  facet  slope  and  flatness  tolerance  (defined  as 
one- tenth  the  radar  wavelength).  These  measurements  were  made  in  a  wind 
tunnel  with  water  as  a  lower  surface.  Although  the  fetch  available  in  a 
tank  is  short  and  the  conditions  in  a  tank  may  not  be  as  in  the  ocean, 
the  results  are  not  too  Inconsistent  with  the  wide  spread  of  experimental 
data.  Figure  12  illustrates  computed  results  as  derived  from  the  water 
wave  tank  measurements.  At  low  gracing  angles  the  radar  return  from  a 
wind-swept  water  surface  is  greater  when  the  radar  is  pointing  into  the 
wind  than  when  it  is  pointing  at  the  same  angle  downwind.  This  is  more 
pronounced  at  the  higher  frequencies  than  at  the  lower  frequencies.  In 
the  grazing  angle  region  between  approximately  50s  and  80°  the  radar 
returns  a-e  greater  when  looking  downwind  than  when  looking  upwind  at 
the  same  angle.  According  to  Schooley  this  is  probably  due  to  the  spec¬ 
ular  reflections  off  the  broad  gentle  slopes  of  the  waves.  Schooley' s 
measurements  of  flatness  tolerance  limited  his  theoretical  analysis  to 
frequencies  no  lower  than  S  band  (10  cm  wavelength).  No  polarization 
dependence  was  included.  Marks41  using  steroscoptic  camera  data  on  facet 
size  distribution  of  1  to  1.5  foot  high  ocean  waves  has  obtained  better 
agreement  with  actual  radar  measurements  of  upwind- downwind  ratio  than 
the  data  obtained  by  Schooley  in  a  model  wave  tank.  Figure  13  shows 
experimental  data  of  the  upwind- downwind  and  upwind- crosswind  ratios. 

It  is  important  to  note  that  the  ocean  currents  relative  to  the 
direction  of  the  wind  can  affect  measurements  of  o°.  For  example,  it 
has  been  observed  that  the  echo  obtained  from  the  Gulf  Stream  off  the 
coast  of  Florida  is  appreciably  larger  when  the  direction  of  the  wind 
is  from  the  north  or  northeast  than  if  the  same  wind  speed  is  observed 
from  the  south  or  southeast.  Since  the  Gulf  Stream  flows  to  the  north, 
when  the  wind  is  from  the  north  against  the  Gulf  Stream  its  speed  adds 
to  that  of  the  water  vg  and  the  air- to- sea  relative  velocity  is  in¬ 
creased  by  v8.  Likewise,  if  the  wind  is  with  the  stream,  its  speed  vg 
subtracts  so  there  is  a  difference  of  2  vg  in  the  relative  speed  de¬ 
pending  on  the  direction  of  the  wind  with  respect  to  the  current.  It 
seems  evident  that  due  to  this  difference  of  2  vg ,  the  energy  that  a 
given  wind  delivers  to  the  ocean  is  greatly  increased  near  the  conti¬ 
nental  United  States  if  the  wind  is  from  the  north  or  northeast  (against 
the  Gulf  Stream).  This  could  be  one  reason  why  differences  have  occurred 
in  measurements  since  very  few,  if  any,  radar  observers  have  included 
values  of  ocean  currents  in  their  data. 
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UPWINO-CROSSWINO  RATIO  (dB) 


GRAZING  ANGLE  (DEGREES) 


Fig.  13  -  Experimental  measurements  of  (a)  upwind- 
downwind  ratios  and  (b)  upwind -crosswind  ratios. 
Solid  curves  —  X  band,  dashed  curves  —  L  band. 
Average  of  six  days.  Median  wind  velocity  =  10  knots. 
(After  Ref.  32.)  (c)  Ratio  of  downwind-to-crosswind 
sea  echo  at  L  band.  Averaged  values.  (From  Mac¬ 
donald.  10 ) 
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Although  most  radar  experiments  will  quote  a  value  of  the  wind  veloc¬ 
ity  It  should  be  cautioned  that  an  average  value  might  not  be  too  meaning¬ 
ful.  The  wind  varies  not  only  In  time  but  In  space.  It  may  be  steady  or 
gusty.  Most  wind  measurements  are  obtained  at  some  height  above  the  water, 
but  the  wind  at  the  surface  can  be  quite  different.  The  result  Is  that 
much  variation  can  occur  in  data  supposedly  taken  under  similar  environ¬ 
mental  conditions  as  reported  by  Individual  experimenters. 

The  wind  velocity  near  the  air- sea  Interface  is  found  to  vary  log¬ 
arithmically  with  height  above  the  surface. 43» 44‘ 61  This  can  be  expressed 
S8 


».  -  ^*>(£  ) 


(4) 


where  =  mean  speed  at  height  z,  =  friction  velocity  ■  (t /p)^,  t  = 
shearing  stress,  p  =  air  density,  k  =  Karma n  constant  «  0.41  and  s0  =  the 
roughness  parameter  (virtual  origin  of  the  profile)  which  is  a  constant 
for  a  given  uniformly  roughened  surface  under  neutral  stability  conditions. 
A  standard  height  for  wind  speed  measurement  Is  10  meters,  Uu.  The  veloc¬ 
ity  at  some  other  height  relative  to  Uu  is  from  Bq.  (4). 
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If  the  roughness  parameter  were  0.1  cm60  the  value  of  Uz/Uu  is  0.945  at 
6  m  (19  ft),  a  height  often  used  for  wind  measurements.  At  a  height  of 
one  meter  the  velocity  is  three-quarters  that  at  10  meters  and  at  6  cm 
it  is  0.445.  Care  should  be  taken  when  examining  experimental  data  to 
be  sure  the  winds  are  measured  at  the  same  approximate  height.  This  can 
be  important  when  comparing  laboratory  measurements,  where  the  wind  is 
measured  relatively  close  to  the  surface,  and  experimental  measurements 
over  the  ocean  which  are  often  referenced  to  Uu  or  Ua. 


4.  POLARIZATION 

At  grazing  angles  greater  than  about  60°  from  the  horizontal,  very 
little  difference  is  noted  in  the  sea  echo  for  different  polarizations. 

At  low  grazing  angles,  however,  there  can  be  significant  differences,  as 
was  illustrated  in  Pig.  7.  In  calm  seas  with  little  wind,  the  echo 
obtained  with  horizontal  polarization  is  considerably  less  than  that  with 
vertical  polarization.  The  echo  with  horizontal  polarization  increases 
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with  increasing  wind  speed  faster  chan  the  Increase  with  vertical  polar¬ 
ization  so  that  with  rough  sea  conditions  there  Is  less  difference  In  the 
magnitude  of  the  echo  from  horizontal  or  vertical  polarization.  Some 
experimenters  find  at  times  the  echo  with  X  band  vertically  polarized 
radiation  to  be  several  db  less  than  with  horizontal  polarization  in  rough 
seas.13  This  has  been  said  to  occur  looking  crosswind  along  the  troughs 
in  the  waves.30 

The  ratio  of  the  echo  per  unit  area  received  on  vertical  polariza¬ 
tion  o,®  to  that  received  on  horizontal  polarization  <y°  is  sometimes  used 
to  describe  the  effect  of  polarization.  Fig.  14.  (Witnthis  commonly  used 
notation,  the  first  letter  of  the  subscript  is  the  transmitted  polarization 
and  the  second  letter  is  that  received.  V  =  vertical  polarization.  H  = 
horizontal  polarization.)  This  ratio  is  seen  to  be  less  at  X  band  (10  GHz) 
thau  at  L  band  (1.2  GHz). 

Macdonald18  makes  the  following  observations  regarding  the  polariza¬ 
tion  ratio:  (1)  It  increases  with  wavelength.  (2)  It  increases  with 
decreasing  sea  roughness.  (3)  The  maximum  ratio  can  occur  at  angles  as 
large  as  30  degrees  and  return  to  unity  ratio  at  grazing.  (4)  The  angle 
of  maximum  ratio  decreases  with  decreasing  sea  state.  j 

Polarization  can  affect  the  value  of  the  critical  angle.  With  a  sim-  ! 

pie  model  of  the  reflecting  surface  the  critical  angle  is  that  angle  below 
which  destructive  interference  occurs  so  that  the  echo  signal  decreases 
rapidly  with  decreasing  angle.  The  degree  of  destructive  interference  ; 

depends  on  the  amplitude  and  phase  of  the  forward  propagating  wave  reflec¬ 
ted  by  the  surface  relative  to  that  of  the  direct  wave.  Since  the  reflec-  .  : 

tion  from  a  surface  is  different  for  the  two  polarizations  the  behavior 
of  the  echo  signal  at  lew  grazing  angle  can  also  be  different.  On  the 
basis  of  a  limited  amount  of  experimental  evidence,  Katzin17  gives  the 
critical  angle  as 

* 

<6>  ! 

where  is  defined  by  Katzin  as  the  wave  height  exceeded  by  10  percent  of 
the  waves  and  X  is  the  radar  wavelength.  (It  is  of  interest  to  note  that 
the  critical  angle  might  have  been  defined  in  other  ways.  A  point  target 
at  a  height  h  above  a  smooth  surface  would  have  a  critical  angle  sin  <pc  = 

X/4h.  If  the  target  were  distributed  uniformly  over  a  height  h,  then 
sin  tpc  =  X/5h.  If  the  Rayleigh  roughness  crlterian  were  used  to  define 
the  critical  angle,  sin  cpc  =  X/8h,  where  h  is  the  height  of  the  surface 
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Fig.  14  -  Ratio  of  the  sea  echo  on  vertical  polarization,  o$y»  to  that  on 
horizontal  polarization,  for  10  GHz  (solid line)  and  1.2  GHz  (dashed 

line).  (From  Macdonald. ) 
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Fig.  15  -  Normalized  power  spectra  comparing  water-wave  record  with 
the  radar  echo  obtained  with  horizontal  and  vertical  polarization.  Data 
taken  with  X  band  radar,  8  nsec  pulse  width  providing  an  effective  illu¬ 
minated  area  22  ft  wide  by  5  ft  deep.  Wave  height  =  1.4  ft. 
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irregularity.)  At  a  wind  speed  of  15  knots,  corresponding  approximately 
to  the  data  of  Fig.  7,  the  average  height  of  the  one* tenth  highest  waves 
is  5  ft.  Assuming  this  Is  a  good  approximation  of  h^.,  Eq.  (6)  predicts 
the  critical  angle  to  be  about  0.6°  at  10  GHs  (X  band),  4.5°  at  1250  MHz 
(L  band),  13*  at  450  MHc,  and  27°  at  220  MHs.  At  50  MHs,  Eq.  (6)  does  not 
give  a  critical  angle  below  90°.  Since  the  critical  angle  is  dependent  on 
the  wave  height,  it  can  be  seen  that  differences  in  sea  echo  due  to  sea 
state  or  wind  at  the  low  graslng  angles  might  be  accounted  for  by  the 
change  in  the  critical  angle  brought  about  by  the  change  in  wave  height. 

It  must  be  cautioned  that  the  critical  angle  as  described  by  Eq.  (6)  is 
based  on  a  simple  model  and  that  correlation  with  experiment  is  difficult 
to  achieve  to  the  "precision"  implied  by  the  example  values  stated  in  the 
above . 

The  critical  angle  should  be  more  prominent  with  horizontal  polarlza* 
tion  since  the  reflection  coefficient  is  close  to  unity  and  the  phase  change 
on  reflection  is  approximately  180°.  With  vertical  polarization  or  in  a 
rough  sea  the  critical  angle  might  not  always  be  simply  expressed  as  in 
Eq.  (6). 

At  microwave  frequencies,  the  predominant  scatterers  producing  sea 
echo  are  probably  not  the  gross  wave  structure.  Theory  shows  that  the 
backscattering  from  a  pure  "slne*wave"  sea  would  be  small  when  viewed  at 
angles  other  chan  those  near  normal  incidence.  Evidence  seems  to  indicate 
that  the  scattering  takes  place  from  the  individual  facets  or  capillary 
waves  that  ride  on  top  of  the  gross  wave  structure.  An  analysis  of  the 
scattering  from  such  a  target  might  show  effects  different  from  the  simple 
model  used  to  define  the  critical  angle  of  Eq.  (6).  Furthermore,  at  low 
angles  diffraction  effects  must  be  considered  and  the  curvature  of  the 
earth,  might  have  to  be  taken  into  account.  Horizontally  polarized  radi¬ 
ation  does  not  propagate  close  to  a  conducting  surface  as  does  vertically 
polarized  radiation.  If  the  energy  cannot  propagate  near  the  water  sur¬ 
face  there  will  be  less  reflected  echo  energy.  This  property  of  horizontal 
polarization  and  diffraction  effects  might  explain  why  horizontally  polar¬ 
ized  L  or  X  band  radiation  in  Fig.  7  Is  less  than  vertically  polarized 
radiation  at  low  grazing  angles  even  before  the  critical  angle  is  reached. 
Another  factor  affecting  the  polarization  behavior  at  low  angles  is  the 
possible  shadowing  of  one  wave  by  another.  From  geometrical  optics  con¬ 
siderations,  shadowing  is  not  polarization  dependent.  However,  it  appears 
that  geometrical  optics  alone  might  overestimate  the  effect  of  shadowing 
and  a  more  exact  diffraction  analysis  might  show  di  ferences  in  the  shad¬ 
owing  depending  on  the  polarization.  Still  another  important  factor 
affecting  the  sea  echo  observed  with  the  two  polarizations  is  the  Brewster 
angle.  At  the  Brewster  angle  the  reflection  coefficient  of  vertically 
polarized  radiation  is  a  minimum  and  the  phase  change  on  reflection  is 
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less  Chen  180*.  If  the  surface-reflected  signal  is  attenuated  there  will 
not  be  complete  destructive  interference  between  the  direct  and  an  atten¬ 
uated  reflected  wave,  and  the  decrease  in  sea  echo  with  decreasing  angle 
will  not  be  as  great  as  with  horiaontal  polarisation.  For  this  reason, 
when  the  Brewster  angle  is  about  the  sane  as  the  critical  angle,  the  effect 
is  to  move  the  apparent  critical  angle  to  a  lower  value.  This  could  pos¬ 
sibly  account  for  the  observation  that  the  Interference  region  with  vertical 
polarisation  occurs  at  lower  angles  than  with  horiaontal  polarisation.  If 
the  critical  angle  is  significantly  greater  than  the  Brewater  angle  the 
graph  of  <j°  vs  angle  might  have  a  bump  in  the  Interference  region.  That 
is,  the  sea  echo  over  a  limited  region  might  Increase  with  decreasing  angle. 
All  of  the  above  factors  can  affect  the  transition  from  the  plateau  region 
to  the  Interference  region  and  several  are  polarisation  dependent.  Thus, 

Eq.  (6)  must  be  viewed  with  caution  when  trying  to  provide  a  precise  theo¬ 
retical  description  of  the  transition  from  the  plateau  to  the  Interference 
region. 

Observations  with  high  range- resolution  radar  systems  resolve  the  ocean 
wave  structure  if  the  horisontal  beamwidth  of  the  antenna  1b  not  too  wide.16 
Comparisons  of  radar  echoes  with  the  water  wave-heights  as  recorded  by  a 
single-post  ocean  wave  gage  show  a  close  relationship  between  the  water 
waves  and  the  radar  echo.  The  sea  echo  with  horisontal  polarisation  has  a 
more  spiky  appearance  than  that  with  vertical  polarisation.  The  echo  with 
vertical  polarisation  is  spread  out  over  more  of  the  wave.  Simultaneous 
wave  gage  and  radar  echo  records  permit  comparisons  of  the  ocean  wave  spec¬ 
tra  with  the  sea  echo  power  spectra  for  both  horisontal  and  vertical  polar¬ 
izations,  Fig.  15.  There  is  considerable  similarity  between  the  ocean  wave 
spectrum  and  the  radar  echo  spectrum  with  vertical  polarization.  The  spec¬ 
trum  for  horisontal  polarisation  is  wider  chan  that  for  vertical  polariza¬ 
tion  or  for  the  ocean  waves.  Thus  the  vertically  polarized  radar  data 
exhibits  properties  more  similar  to  data  found  from  the  ocean  wave  gage 
than  does  the  horizontally- polarised  data. 

On  an  A  scope  vertical  polarisation  produces  a  more  noise- like  display 
than  horizontal  polarization.  The  spikiness  of  horizontal  polarization 
presents  more  false  alarms  if  the  sought-for  target  is  small.  A-scope 
displays  can  indicate  a  spiky  wave- like  appearance  when  (1)  the  pulse 
width  is  so  short  that  the  individual  waves  are  resolved,  or  (2)  when  the 
pulse  width  is  so  large  that  more  than  one  wave  is  included.  In  the  lat¬ 
ter  case  the  splkineBS  is  due  to  an  interference  effect  from  the  energy 
reflected  from  the  individual,  unresolved  scatterers  and  the  appearance 
on  the  A  scope  will  not,  in  general,  correspond  to  the  appearance  of  the 
real  waves. 
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Observations  have  been  made  by  NRL  at  X  band  of  breaking  waves  In 
high-winds  with  the  capillary  waves  artificially  damped  out  by  the  intro¬ 
duction  of  cod  liver  oil  on  the  sea  surface.  The  breaking  seemed  to  be 
undiminished  by  the  damping  of  the  smaller  capillary  waves.  It  was  observed 
that  individual  spiky  echoes  of  short  duration  appeared  within  the  area 
where  the  capillaries  were  diminished.  These  echoes  apparently  were  due  to 
waves  breaking.  More  of  these  individual  short- duration  echoes  occurred  on 
horlsontal  than  on  vertical  polarisation.  For  high  sea  states,  sea  echo 
near  the  horison  at  angles  well  below  the  critical  angle  showed  the  same 
peak  values  for  both  polarisations;  but  since  there  were  more  individual 
echoes  on  horlsontal  polarisation,  the  average  value  of  the  sea  echo  was 
greater  than  for  vertical  polarization  in  this  instance.63 

The  behavior  of  circularly  polarized  radar  echoes  can  be  qualitatively 
inferred  from  the  behavior  of  vertical  and  horlsontal  polarization.8  When 
there  are  significant  differences  between  horizontally  and  vertically  polar¬ 
ised  echoes  as  sometimes  reported  at  low  gracing  angles  and  lower  frequen¬ 
cies,  the  echo  returned  when  a  circularly  polarized  wave  is  transmitted 
would  be  expected  to  be  primarily  vertically  polarised  since  the  echo  with 
vertical  polarisation  is  greater  than  with  horizontal.  This  might  explain 
experimental  data30* 88  reported  at  X  band  at  low  grazing  angles  that  shows 
Ogy/gpH  to  be  nearly  equal  to  0yv/cm».  (The  subscript  R  =  right-hand  cir¬ 
cularly  polarized  radiation  and  L  = left  hand. ) 

Long31  reports  measurements  of  sea  echo  at  C  band  and  Ka  band  where 
either  vertical  or  horizontal  polarization  were  transmitted  and  simulta¬ 
neously  both  vertical  and  horizontal  components  were  received.  Data  was 
obtained  for  grazing  angles  between  1.5°  and  4.0°  for  which,  it  was  said, 
o°  was  not  found  to  be  strongly  dependent  on  angle.  Because  of  reciproc¬ 
ity,  the  instantaneous  values  of  the  depolarized  echoes,  Oyg  and  g^y, 
should  be  equal.  For  the  depolarized  echoes,  the  sea  echo  was  found  to 
vary  approximately  as  the  cube  of  the  wind  speed  but  there  was  no  direct 
correlation  with  wave  height.  This  applied  to  wind  speeds  from  3  to  20 
knots  and  wave  heights  from  0.3  to  4.1  feet.  From  these  experiments  Long 
suggests  that  the  wind-generated  ripples  are  the  major  cause  of  the  de¬ 
polarized  echo. 


5.  FREQUENCY 

Figure  7  and  the  discussion  of  sea  echo  in  the  preceding  sections  in¬ 
cluded  the  effects  of  frequency.  This  section  attempts  to  summarize  the 
chief  factors  affecting  sea  echo  chat  can  be  attributed  to  the  radar  fre¬ 
quency.  The  frequency  dependence  of  sea  echo  is  difficult  to  determine 
precisely.  To  avoid  variations  inherent  in  time-sequential  measurements, 
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simultaneous  measurements  should  be  made  of  the  same  patch  of  ocean  at 
different  frequencies.  This  Is  seldom  done.  Another  factor  sometimes 
causing  confusion  is  the  fact  that  the  frequency  dependence  Is  a  function 
of  the  polarization  and  the  angular  region  over  which  the  sea  Is  viewed. 
Also,  the  natural  spread  In  the  experimental  data  la  often  greater  than 
the  variation  one  Is  looking  for  with  frequency.  In  this  section,  the  fre¬ 
quency  dependence  will  be  discussed  lor  each  of  the  three  major  regions 
Identified  with  the  viewing  angle:  quasi- specular,  plateau,  and  Inter¬ 
ference.  One  conclusion  reached  la  that  there  Is  no  simple  frequency 
dependence  and  that  attempts  to  find  simple  relationships  are  not  likely 
to  succeed. 

At  normal  Incidence  In  a  perfectly  smooth  sea,  the  radar  sees  its 
image  In  the  water  and  <7°  is  proportional  to  the  gain  of  the  measuring 
antenna.  Consequently  the  apparent  frequency  dependence  at  normal  Inci¬ 
dence  over  a  perfectly  smooth  sea  corresponds  to  the  change  in  the  mea¬ 
suring-antenna  gain  with  frequency.  The  gain,  and  therefore  o°,  varies 
according  to  theory  as  f3.  This  is  an  unusual  case,  however,  with  little 
practical  interest  since  the  sea  is  seldom  perfectly  smooth  at  radar  fre¬ 
quencies.  At  near  normal  Incidence  in  a  rough  sea  where  the  backscatter- 
lng  is  determined  chiefly  by  the  mean  slope  of  the  waves,  there  should  be 
little  dependence  of  the  sea  echo  with  frequency,  provided  the  radar  wave¬ 
length  is  small  enough  to  consider  the  scattering  as  being  described  by 
geometrical  optics.  Experiments  seem  to  verify  this.  (Some  frequency 
dependence  at  normal  Incidence  might  be  expected  at  frequencies  above 
X  band  where  the  surface  roughness  caused  by  capillary  waves  Is  comparable 
to  the  RF  wavelength. ) 

In  the  interference  region,  the  clutter  coefficient  decreases  rapidly 
with  decreasing  angle  and  according  to  Katzin17 


where  <pc  is  the  critical  angle.  This  Is  based  on  the  simple  model  of 
interference  between  the  direct  and  scattered  wave.  Substituting  Eq.  (6), 
the  critical  angle,  into  Eq.  (7)  predicts  o°  to  vary  as  f*  In  the  inter¬ 
ference  region.  (Although  this  result  Is  widely  queued  there  is  little 
experimental  verification.)  These  relations  apply  primarily  to  horizon¬ 
tal  polarization  and  do  not  take  into  account  the  shadowing  and  other 
factors  mentioned  in  the  preceding  section  which  can  occur  at  low  grazing 
angles.  The  Brewster  angle  for  vertical  polarization  is  also  frequency 
dependent. 
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The  frequency  dependence  in  che  plateau  region  has  been  stated  to  vary 
anywhere  from  f°  to  f4,  depending  on  the  particular  experimenter,  with  a 
linear  dependence  being  a  frequent  choice.  For  vertical  polarization  the 
f°  dependence  appears  to  apply  in  the  plateau  region,  for  frequencies  below 
X  band.19  The  linear  dependence  might  approximate  che  variation  obtained 
with  horizontal  polarizadon  over  a  limited  range  of  angles  in  the  plateau 
region. 

Many  attempts  have  been  made  to  find  a  simple  law  to  describe  the  vari¬ 
ation  of  o°  with  frequency.7*  19  Figure  7,  which  presents  a  composite  of 
data,  illustrates  the  difficulty  of  trying  to  establish  a  single,  general 
relation  for  the  frequency  dependence.  If  a  simple  law  is  to  be  specified, 
the  conditions  under  which  it  applies  must  be  carefully  defined. 

At  frequencies  above  X  band  the  capillary  waves  have  a  significant 
affect  on  sea  echo.  Below  C  band  the  capillary  waves  are  probably  too  small 
compared  to  the  radar  wavelength  to  play  as  major  a  role  as  they  seem  to  do 
at  the  higher  frequencies.  Thus  it  would  not  be  surprising  to  find  o°  be¬ 
having  differently  at  frequencies  well  above  X  band  (millimeter  waves)  as 
compared  to  the  lower  frequencies.  Grant  and  Yaplee9  show  a  frequency  de¬ 
pendence  from  f 1,4  to  f 3* 1  for  frequencies  ranging  from  X  band  to  Kfl  band. 
Other  measurements30  from  10  to  50  GHz  show  o°  to  be  nearly  Independent  of 
frequency  but  at  an  absolute  level  higher  than  other  experimenters  report 
at  X  band.  Thus,  on  the  basis  of  limited  data  one  might  conclude  that  the 
sea  echo  increases  above  X  band. 

Measurements  of  sea  echo  at  laser  frequencies  have  been  reported  using 
a  20  nsec  pulse  laser  at  1.06  microns  wavelength  with  a  beam  divergence  of 
6  mrad.31  Flight  tests  over  water  gave  an  average  value  of  <?°  =  -  8.3  db 
for  "international  sea  states  one  through  three"  at  normal  incidence  and 
a°  =  -  6.2  db  for  calm  water.  It  is  ctated  that  such  results  suggest  that 
at  this  wavelength  the  ocean  is  neither  a  Lambert  diffuse  target  nor  a 
specular  mirror- type  acatterer,  but  rather  some  combination  of  the  two  if 
the  transmitter  beam  divergence  is  sufficient  to  illuminate  a  homogeneous 
area  of  sea  surface. 


6.  OTHER  FACTORS 

Rain.  Pain,  snow,  and  ice  can  smooth  otjan  waves.  It  has  been  ob¬ 
served  that  rain  dampens  the  capillary  wave  structure  and  reduces  a0  at 
microwave  frequencies.  Measurements  of  sea  echo  in  rain  can  give  mis¬ 
leading  values  if  the  reflection  from  the  rain  is  Included  with  the  sea 
echo  measurement. 
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Contaminants.  Ocean  contaminants  such  as  oils  can  dampen  ocean  waves. 
The  effect  of  oil  contaminants  on  the  radar  sea  echo  return  at  microwave 
frequencies  can  be  quite  large.  PPI  displays  with  high  resolution  X-band 
radar  often  show  dark  areas  (absence  of  radar  echo)  in  the  vicinity  of 
small  boats,  indicating  the  leakage  of  oil.  Debris  on  the  ocean  surface 
can  increase  the  echo. 

Pulse  Length.  When  the  resolution  cell  of  the  radar  is  less  than  the 
wavelength  of  the  sea,  the  radar  can  resolve  the  ocean  waves.  The  resolu¬ 
tion  of  the  waves  depends  on  both  the  range  and  angle  resolution  of  the 
observing  radar.  Since  15  knot  winds  generate  waves  greater  than  100  ft 
in  length,  pulse  durations  less  than  0.1  microsecond  will  usually  resolve 
the  waves  if  the  beamwidth  is  not  too  wide  and  if  the  waves  are  not  too 
short-crested.  As  the  pulse  length  becomes  long  compared  to  the  water 
wavelength,  the  echo  begins  to  look  much  more  like  receiver  noise.  Many 
observers  refer  to  it  as  being  more  "spiky"  (especially  for  horizontal 
polarization). 

False  Alarms.  There  are  many  things  in  the  ocean  which  tend  to  affect 
the  backscatter  in  addition  to  the  waves.  These  effects  could  appear  to  a 
radar  as  a  target  and  might  thus  create  false  alarms.  Breaking  water,  for 
instance,  results  in  spikes  of  echo  which  can  interfere  with  the  detection 
of  desired  targets.  Objects  floating  in  the  water  can  contribute  to  the 
sea  echo  and  can  cause  erroneous  measurement  of  the  natural  sea  clutter. 
Fish  or  schools  of  fish  breaking  water  and  flights  of  birds  have  been 
observed  to  produce  discernible  echo  signals.  Rain  and  localized  clouds 
often  produce  effects  which  appear  as  targets  or  they  can  change  the  sea 
echo  character.  The  combined  effect  of  all  of  these  sources  is  to  produce 
large  signals  compared  to  the  surrounding  sea  echo  which  occur  infrequently 
but  in  some  cases  often  enough  to  produce  false  targets.  As  indicated 
later  in  this  report,  the  statistical  distribution  of  sea  echo  shows  higher 
tails  than  described  by  a  Rayleigh  distribution,  especially  with  short 
pulse  waveforms.  This  can  result  in  a  high  false  alarm  rate  if  the  radar 
were  designed  for  Rayleigh  statistics  instead  of  the  measured  statistics. 

Shadowing.  At  low  grazing  angles  the  dominant  contribution  to  the 
backscattered  signal  generally  is  from  the  side  of  the  wave  nearest  the 
radar.  The  back  surface  is  in  the  shadow.  Also,  smaller  waves  can  be 
shadowed  by  the  bigger  waves.  Thus  shadowing  can  affect  the  scattering 
behavior  of  sea  surfaces.  A  shadowing  function  was  suggested  by  Beckmann34 
for  scattering  by  random  rough  surfaces.  He  defined  it  as  the  ratio  of 
the  illuminated  area  to  the  total  area.  This  function  is  unity  at  normal 
Incidence  and  zero  at  zero  grazing  angle.  Its  variation  with  angle  is 
qualitatively  like  that  of  the  sea  echo.  However  it  has  been  argued36* 48 
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Chat  this  approach  to  accounting  for  shadowing  over-estimates  the  effect 
by  a  considerable  amount  since  the  scattering  elements  responsible  tor 
the  major  portion  of  the  backscatter  are  not  as  likely  to  be  in  the  shadow 
as  an  arbitrary  point  on  the  surface. 

The  imaging  of  sea  echo  as  a  wave- like  pattern  on  a  radar  display 
probably  is  enhanced  by  the  shadowing  effect  in  many  instances. 

Fluctuations.  Sea  echo  can  exhibit  large,  rapid  fluctuations  in 
amplitude.  The  echo  from  the  sea  consists  of  the  contributions  from  the 
many  individual  scattering  elements  within  the  radar  resolution  cell. 
Motion  of  the  scattering  elements  produces  changes  in  the  relative  path 
lengths  from  the  radar  to  the  individual  elements.  Therefore  changes  in 
the  relative  phase  differences  occur  among  the  individual  echo  contribu¬ 
tions  to  yield  a  resultant  echo  signal  that  varies  with  time.  The  range 
of  fluctuations  is  described  statistically  by  a  probability  density  func¬ 
tion  p(o)  such  that  p(c)do  is  the  probability  that  the  resultant  cross 
section  will  be  between  the  values  cr  and  c  +  do.  The  Rayleigh  probability 
density  function  has  often  been  used  to  describe  the  fluctuation  of  the 
sea  echo  as  well  as  other  distributed  targets.  It:  is  applicable  when  the 
echo  is  the  result  of  the  contributions  of  many  independent  scatterers  of 
approximately  equal  cross  section.  This  not  only  seems  to  be  a  reason¬ 
able  model  for  a  distributed  clutter  target  but  it  is  convenient  to  handle 
mathematically.  The  Rayleigh  probability  density  function  (pdf)  is 

Kcrc)  ,-i-  (8) 

°av 

where  o.>7  is  the  average  value  of  the  clutter  cross  section  ac. 

Experimentally  measured  statistics  of  sea  echo  fluctuations  do  not 
always  follow  the  Rayleigh  description.  In  some  cases  sea  echo  has  been 
observed  to  have  a  higher  probability  of  obtaining  large  values  than 
would  be  indicated  from  En.  (8),  that  is,  the  actual  pdf's  do  not  de¬ 
crease  as  rapidly  for  increasing  <7  as  does  the  Rayleigh.  This  is  espe¬ 
cially  true  of  measurements  taken  with  high  resolution  radar.36  George 
and  others  have  suggested  that  the  data  tends  to  follow  a  log-normal  pdf 
rather  than  the  Rayleigh  pdf.37  The  pdf  for  clutter  cross  section  ac 
that  is  log-normally  distributed  is 


(9) 


where  om  =  medium  value  of  oc  and  og  =  standard  deviation  of  jn  oc  (nat¬ 
ural  logarithm).  The  log-normal  distribution  generally  has  higher  "tails" 
than  the  Rayleigh  and  helps  account  for  a  higher  false  alarm  rate  than 
normally  expected  if  the  echo  were  governed  by  Rayleigh  statistics.  The 
log-normal  pdf  requires  the  specification  of  two  parameters  (the  median 
and  the  standard  deviation)  instead  of  the  single  parameter  (average  value) 
of  the  Rayleigh.  It  is  thus  more  difficult  to  analyee  and  interpret  than 
the  Rayleigh  model.  Also,  there  is  no  satisfactory  physical  model  of  the 
sea  which  leads  to  the  log-normal  distribution  as  there  is  with  the  Rayleigh. 

Trunk  has  pointed  out  that  the  tails  of  the  log-normal  distribution 
are  higher  than  experimental  measurements  and  that  a  contaminated-normal 
distribution  provides  a  better  fit.63  The  contaminated  normal  is  described 
by  the  sum  of  two  (or  more)  normal  distributions  of  different  parameters, 
as  in  Eq.  (10). 
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where  y  is  the  contamination  fraction,  K  is  the  ratio  of  the  standard  devi¬ 
ations  of  the  Gaussian  densities,  and  a  is  the  standard  deviation  of  the 
uncontaminated  distribution,  that  is  when  y  =  0. 

Figure  16  shows  examples  of  the  measured  probability  distribution 
function  of  sea  echo  obtained  with  high  resolution  radar.  For  comparison 
the  Rayleigh,  log  normal  and  the  contaminated  normal  probability  distri¬ 
butions  are  shown. 

When  the  distribution  of  sea  echo  has  high  tails.  Trunk64  has  sug¬ 
gested  that  the  median-value  detector  may  be  more  efficient  than  the  mean- 
value  detector. 

Doppler.  The  fluctuations  observed  in  the  sea  echo  may  also  be  con¬ 
sidered  to  result  from  the  doppler  frequency  shift  produced  by  the  motions 
of  the  individual  scatterers.  The  different  doppler  shifts  beat  with  one 
another  to  generate  the  observed  fluctuation.  The  analysis  of  the  ampli¬ 
tude  fluctuations  as  ihe  superposition  of  the  doppler  contributions  is 
equivalent  to  the  analysis  assuming  the  superposition  of  signals  with 
time  varying  phase  shifts  caused  by  the  relative  motions.  Measured  spec¬ 
tra  of  sea  echo  amplitude  fluctuations  at  microwave  frequencies  show  the 
spectral  width  to  be  proportional  to  the  radar  frequency,  as  it  should 
be  if  due  to  a  doppler  effect.  The  spectral  width  corresponds  to  a  few 
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Fig.  16  -  Measured  probability  distribution  at  X  band  compared  with  the 
Rayleigh,  log-normal  and  contaminated  normal  distributions,  (a)  “Smooth 
sea,”  (b)  “Moderate  sea.” 
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knots  velocity.  Figure  17  Is  an  example  of  a  typical  frequency  spectrum 
measured  at  X  band.  According  to  Goldstein7  the  measurements  available 
to  him  did  not  seem  to  Indicate  any  significant  variation  In  Che  spectra 
with  roughness  of  the  sea.  Measurements  by  Hicks  et  al4S  indicate  the 
spectral  width  of  the  clutter  to  be  approximately  proportional  to  the 
wind  speed. 

Amplitude  fluctuations  are  measured  with  a  noncoherent  radar.  They 
show  the  spread  in  doppler  but  not  the  center  frequency  of  the  doppler 
itself.  Measurements  of  the  doppler  with  a  coherent  system  give  the 
average  velocity.  The  doppler  shift  corresponds  to  a  few  knots  (the 
spread  Is  also  a  few  knots).  This  velocity  is  considerably  less  than 
the  actual  wave  velocity  and  is  thought  to  correspond  to  the  velocity  of 
the  water  particles  which  is  also  much  smaller  than  the  wave  velocity. 

Wright68  has  observed  chat  the  doppler  spectrum  of  mechanically 
generated  waves  in  a  water  wave  tank  are  sharply  peaked  at  an  angular  fre¬ 
quency  to  given  by 

to3  =  g  k  +  sk3  (11) 

k  =  2  k0  cos  cp  (12) 


where  g  *  acceleration  of  gravity,  s  =  the  ratio  of  surface  tension  to 
water  density,  k  a  water  wave  propagation  constant  *  2  t/ 1^,  )tw  *  water 

wavelength,  k0  a  radar  propagation  constant  »  2  n/\r  ,  \  r  »  radar  wave¬ 
length,  and  cp  a  grazing  angle.  (At  low  grazing  angles  this  implies  that 
\r  »  2  \w  .)  With  wind  generated  waves  the  doppler  spectra  are  very  much 
broadened  and  peak  at  a  frequency  related  to  the  grazing  angle  in  a  sim¬ 
ilar  manner,  but  the  relation  depends  on  wind  speed.  Little  apparent 
difference  was  noted  in  these  experiments  in  the  shape  of  the  spectra  for 
horizontal  and  vertical  polarization. 

At  the  lower  frequencies  (long  wavelengths)  the  small  scale  structure 
seems  to  play  less  of  a  role  than  at  microwave  frequencies  and  the  large 
gravity  waves  are  probably  the  primary  scatterers.  The  doppler  shift  at 
these  lower  frequencies  (HF,  VHF ,  and  UHF)  correspond  to  the  water  wave 
velocity  rather  than  the  particle  velocity  that  is  characteristic  of 
microwave  sea  echo. 

Cromble38  observed  that  at  HF  (13.56  MHz)  the  backscatter  was  great¬ 
est  for  ocean  waves  moving  radially  with  respect  to  the  radar  and  of  length 
about  half  the  radar  wavelength.  The  latter  is  the  same  as  the  condition 
given  by  Eq.  (12),  or 
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where  X-  =  radar  wavelength  and  Xw  =  water  wavelength.  The  ocean  con¬ 
sists  of  many  component  wave*  aa  mentioned  in  Sec.  1.  If  the  spectrum  of 
the  sea  contain*  a  component  that  meets  the  conditions  stated  by  Cromble 
it  will  produce  backscatter.  There  are  actually  two  components  that  can 
meet  these  requirements  and  they  will  be  of  velocity  ±v,  that  is,  one 
approaches  the  radar  traveling  radially  and  the  other  recedes.  The  two 
components  are  not  necessarily  of  equal  amplitude.  They  might  differ  by 
as  much  as  10  db.  From  classical  ocean  wave  theory  (ignoring  the  effect 
of  surface  tension),  the  velocity  is 


v 


From  Eqs.  (13)  and  (14)  the  doppler  shift  is 
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This  has  been  verified  by  many  measurements  reported  from  HF  to  UHF.a®* 

At  times  a  component  of  the  spectrum  at  the  transmitted  frequency  has  also 
been  observed  experimentally.  (This  might  be  due  to  the  unintentional 
inclusion  of  some  land  echoes  obtained  from  the  sidelobes.)  At  HF  the 
doppler  frequency  shift  is  about  O.S  Ha  and  the  measured  widths  of  the 
spectral  lines  are  reported  as  0.01  to  0.03  Hz.  Note  that  the  doppler- 
shifted  frequency  of  Eq.  (15)  varies  as  the  square  root  of  the  radar 
frequency  (inverse  of  Xr)  rather  than  directly  with  frequency  as  is 
more  usual  with  the  doppler  shift. 

Thus  the  sea  echo  has  a  very  distinctive  doppler  spectrum  at  the 
lower  frequencies  as  compared  to  the  spectrum  of  land  echo.  The  echo 
consists  of  two  frequency  shifted  components  centered  about  the  location 
of  the  carrier  by  an  amount  given  by  Bq.  (15).  There  is  no  component  of 
the  returned  signal  at  the  carrier  frequency  unless  it  is  inadvertently 
obtained  from  land  backscatter  illuminated  by  the  main  beam  or  the  side- 
lobes.  These  two  frequency  components  result  from  the  selective  scatter¬ 
ing  from  those  sea  waves  whose  lengths  are  half  the  radar  wavelength  and 
which  are  traveling  in  a  radial  direction.  It  has  been  demonstrated66 
that  by  taking  advantage  of  the  inherent  difference  in  the  sea  and  land 
spectra,  the  echo  from  the  sea  using  lonospherically  propagated  HF  can 
often  be  distinguished  from  land  echoes  and  that  it  is  possible  to  gen¬ 
erate  a  map  of  land-sea  boundaries  by  this  technique. 
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The  expression  for  Che  shift  in  frequency  due  to  wave  motion  as  given 
4n  Eq.  (15)  applies  at  the  longer  wavelengths  (HP,  VHP,  UHF)  and  for  low 
winds.  Por  shorter  wavt 1 nngths  (C  band  and  above)  the  surface  tension 
must  be  included  as  it,  he  second  term  of  the  righthand  side  of  Eq.  (11). 
In  the  case  of  high  winds  an  additional  frequency  shift  is  said  to  take 
place  due  to  the  wind  drift  of  the  surface  layer  of  water. as  This  drift 
velocity  is  denoted  as  vy  and  makes  an  angle  6  relative  to  the  direction 
of  the  radar  radiation.  The  frequency  shift  is  then  given  by 


where  the  symbols  have  been  defined  previously.  The  absolute  value  of 
vw  cos  9  is  present  in  Eq.  (16)  since  the  phase  velocity  of  the  ripple  or 
capillary  waves  and  the  wind-drift  velocity  of  the  surface  layer  vw  always 
coincide  in  direction. 


Figure  18  shows  a  plot  of  the  radical  portion  of  Eq.  (16)  for  low 
gracing  angles  (q>  =  0,  vw  *=  0).  Mote  that  the  first  term  (gravity  waves 
only)  dominates  at  radar  frequencies  below  L  band.  For  comparison  the 
doppler  frequency  shift  (2  v/ X )  for  velocities  of  1  and  10  knots  are 
drawn  as  the  dashed  lines.  These  might  represent  the  third  term  of  Eq.  (16) 
or  they  can  be  thought  of  as  the  doppler  shift  produced  by  a  surface  target 
so  as  to  illustrate  the  problem  of  an  Mil  radar  that  must  separate  the  dopp¬ 
ler  frequency  shift  of  the  desired  target  from  that  of  the  sea  echo.  Mea¬ 
surements  of  sea  echo  fluctuation  made  during  WW  II  indicate  that  at  S  band 
and  above  the  frequency  shift  seems  to  be  dominated  by  the  third  term  of 
Eq.  (16)  since  the  power  spectra  were  relatively  independent  of  the  product 
f8  \r ,  as  would  be  if  a  true  doppler  shift.13 

Pldgeon6®  in  conducting  experiments  at  C  band  (5.7  cm  wavelength) 
found  that  the  mean  doppler  shift  for  horizontal  polarization  is  2  to  4 
times  greater  than  that  for  vertical  polarization  for  the  same  or  similar 
wind  and  wave  conditions.  He  concludes  that  the  vertical  polarization 
doppler  shift  is  dependent  on  the  wave  height  and  is  directly  related  to 
the  orbital  velocity  of  the  gravity  waves.  On  the  other  hand,  the  hori¬ 
zontal  polarization  doppler  shift  depends  on  both  the  wave  height  and 
the  wind  speed  and  is  related  to  the  motion  of  a  surface  layer  of  the  sea. 
The  velocity  of  this  surface  layer  is  said  to  be  the  sum  of  (1)  the 
orbital  velocity  of  the  sea  moving  beneath  the  layer  and  (2)  a  velocity 
that  Is  a  function  of  the  wind.  For  both  polarizations  the  mean  doppler 
shift  varies  as  the  cosine  of  the  angle  between  the  wind  and  wave  direc¬ 
tion  (assumed  the  same)  and  the  radar  propagation  direction.  The  spectral 
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width,  however,  is  independent  of  this  viewing  angle  and  polarisation.  1 

For  small  grating  angles,  the  doppler  shift  and  the  spectrum  bandwidth 
are  independent  of  the  grating  angle.  For  both  polarisations ,  the  spec¬ 
tral  width  is  directly  dependant  on  the  mean  doppler  shift  obtained  look-  $ 

ing  into  the  wind  and  waves.  .  ; 

Bass  et  al8e  state  that  the  spectral  width  depends  on  the  sea  con-  j 

dltlon  and  increases  as  the  roughness  increases.  To  quote:  "The  physical 
nature  of  the  spectrum  widening  is  absolutely  clear:  scattering  sites 
of  the  ripple  (the  scattering  is  resonant!)  being  imposed  on  a  large  wave, 
move  relative  to  the  [radar]  which  leads  to  the  doppler  frequency-shift 
in  addition  to  the  frequency  displacement"  [described  by  Eqs.  (11)  and  (12)]. 

They  also  found  that  the  spectral  width,  as  well  as  the  frequency  shift  in 
the  case  of  heavy  seas  depended  upon  the  angle  between  the  directions  of 
the  radiation  and  the  wind.  This  is  in  disagreement  with  Pldgeon'e  observa¬ 
tions  of  the  spectral  width.  As  mentioned  previously  Hicks  et  al4a  also 
observed  the  spectral  width  at  X  band  to  be  approximately  proportional  to 
wind  speed. 

Trapping.  It  has  been  observed  that  when  a  microwave  radar  is  sited 
sufficiently  close  to  the  water  surface,  the  radiation  can  be  trapped  in  a 
duct  and  propagation  can  be  obtained  with  low  loss.63  This  duct  is  a  re¬ 
sult  of  evaporation  which  causes  the  index  of  refraction  of  the  lower  part 
of  the  atmosphere  to  decrease  with  increasing  height.  Trapping  is  appar¬ 
ently  quite  effective  at  X  band  and  can  increase  the  radar  range  substan¬ 
tially.  Trapping  in  the  evaporation  duct  is  weaker  the  lower  the  fre¬ 
quency.  This  Increased  range  due  to  trapping  is  important  in  trying  to 
see  small  targets  low  on  the  water.  However,  one  might  also  suspect  that 
trapping  could  lead  to  erroneous  measurements  of  o°  at  X  band  with  low 
grazing  angles  if  it  is  not  properly  taken  into  account. 


7.  SEA  ECHO  THEORY 

A  clear  understanding  of  the  physical  mechanism  causing  radar  sea 
echo  permits  intelligent  design  of  radars  for  the  detection  of  targets 
on  or  near  the  surface  of  the  Bea.  Tf  the  precise  physical  nature  of 
the  sea  were  known,  classical  electromagnetic  scattering  theory  could  be 
used  to  compute  the  nature  of  the  radar  echo.  (Although  the  procedure 
might  be  "straightforward"  it  would  not  necessarily  be  "simple.")  It  has 
proven  difficult  to  provide  a  realistic  model  of  the  sea  that  can  account 
mathematically  for  all  observed  experimental  data.  There  are  several 
reasons  for  this  situation.  The  sea  surface  is  ever-changing  and  is  af¬ 
fected  by  many  forces.  However,  the  dynamic  nature  of  the  sea  should  not 
in  itself  prove  a  fundamental  limitation  since  statistical  methods  might 
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be  Applied  as  has  been  done  successfully  by  electrical  engineers  in  deal¬ 
ing  with  receiver  noise  or  fluctuating  target  echoes.  To  understand  the 
sea  as  a  radar  target  one  must  understand  something  about  the  hydrodynamics 
of  the  sea  surface  and  the  nature  of  the  coupling  between  the  sea  and  the 
wind.  The  theorist  must  have  a  knowledge  of  electromagnetic  scattering 
theory  and  the  theory  of  ocean  surface  waves.  The  problem  ic  made  diffi¬ 
cult  by  the  fact  that  the  oceanographers  who  study  waves  on  the  sea  are 
generally  interested  in  water  wavelengths  considerably  longer  than  those 
that  affect  radar.  As  mentioned  several  times  in  this  report,  radar 
scatter  is  primarily  determined  by  the  waves  of  water  wavelength  comparable 
to  the  radar  wavelength.  The  above  difficulties  are  in  addition  to  the 
many  experimental  factors  mentioned  in  Sec.  1  that  result  in  experimental 
measurements  with  large  variance  and  that  make  attempts  to  check  theory  with 
experiment  a  frustrating  task. 

Figure  6  showed  three  regions  into  which  the  behavior  of  a0  as  a  func¬ 
tion  of  grazing  angle  could  be  categorized:  the  interference,  plateau,  and 
quasi- specular  regions.  Although  the  goal  is  to  identify  a  single  mecha¬ 
nism  that  correctly  describes  the  radar  backscatter  for  any  grazing  angle, 
ic  has  usually  been  easier  to  consider  models  applicable  to  each  region 
separately.  In  brief,  it  seems  that  for  microwave  frequencies  observing 
in  the  quasi- specular  region,  scattering  can  be  "explained"  as  being  due  to 
facets  large  compared  to  the  radar  wavelength.  In  the  plateau  region  the 
scatterers  are  the  facets  or  capillary  waves  that  are  comparable  in  size  to 
the  radar  wavelength.  In  the  interference  region  the  vector  addition  of  the 
direct  ray  and  the  ray  scattered  from  the  water  surface  plays  the  dominant 
role.  The  interference  region  analysis  is  not  applicable  near,  at,  or  be¬ 
yond  the  radar  horizon  where  classical  diffraction  theory  must  be  considered 
for  determining  propagation  effects.  It  must  also  be  abandoned  when  trapping 
of  the  radar  signal  takes  place. 

Schooley37  examined  limiting  cases  of  the  radar  sea  return.  One  lim¬ 
iting  case  is  a  perfectly  smooch  surface.  As  mentioned  previously,  the 
clutter  coefficient  ct°  at  normal  incidence  over  a  smooth  perfectly  con¬ 
ducting  surface  is  proportional  to  the  gain  of  the  radar  antenna  (j°  =  G/4). 
Thus  a  thirty  db  gain  antenna  (beamwidth  »  5  to  6s)  would  Indicate  a  value 
of  a0  =  24  db.  Over  water  which  is  not  a  perfect  conductor,  this  will  be 
reduced  by  the  magnitude  of  the  reflection  coefficient.  At  X  band  the 
reflection  coefficient  is  about  0.75  at  normal  incidence  so  that  the  value 
of  o°  is  reduced  by  about  2.5  db.  The  reduction  is  less  at  lower  frequen¬ 
cies.6  The  decrease  in  cr°  with  angle  from  the  normal  is  quite  rapid.  A 
rough  surface  according  to  Lambert's  law  Is  one  which  scatters,  per  unit 
angle,  a  power  proportional  to  the  cosine  of  the  acute  angle  between  the 
direction  of  the  scattering  and  the  normal  to  the  surface  at  the  unit  area. 
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This  results  in  a0  =4  sin3  cp  if  the  diffuse  surface  is  perfectly  conduc¬ 
ting.  (Schooley  also  considered  a  rough  surface  described  by  a0  ~  2  sin  6 
which  assumes  that  a  rough  surface  when  illuminated  by  a  bundle  of  parallel 
rays  of  fixed  cross  section  and  given  total  power  will  reradiate  in  the 
direction  of  the  source  of  the  rays  a  power  per  unit  solid  angle  independent 
of  the  direction  of  the  incident  rays.  This  is  sometimes  called  the  "Lonsnel- 
Seeliger"  scattering  law.  Ament87  shows  that  this  is  an  erroneous  law  for 
the  rough  surface  even  though  it  is  found  in  some  of  the  literature  on  back- 
scatter.)  The  model  of  the  perfectly  smooth  surface  predicts  values  higher 
than  generally  observed  at  normal  Incidence  and  the  perfectly  rough  surface 
predicts  values  higher  than  observed  at  angles  other  than  normal.  Thus  the 
sea  can  not  be  simply  described  as  being  either  perfectly  smooth  or  per¬ 
fectly  rough. 

The  first  models  proposed  for  explaining  sea  echo  were  devised  during 
World  War  II.  Over  the  yearB  there  has  been  steady,  if  slow,  progress  to¬ 
ward  improving  the  understanding  of  the  properties  of  the  sea  as  they  affect 
the  radar  echo.  Goldstein7* ia* 18  first  attempted  to  explain  sea  echo  by 
the  application  of  diffraction  theory  to  the  large-scale  sea  waves,  or 
macrostructure  of  the  sea  surface.  He  considered  as  a  model  a  sinusoidally 
corrugated  mirror  and  employed  conventional  physical  optics  techniques  for 
analysis.  The  model  resulted  in  a  polar  diagram  for  the  scattered  intensity 
like  that  of  a  grating  and  showed  discrete  peaks  at  the  angles  correspond¬ 
ing  to  the  various  grating  lobes.  Goldstein  states  this  obviously  does 
not  correspond  to  the  true  situation.7  (Later  work  indicates  that  under 
certain  conditions  grating  lobes  in  the  scattering  pattern  do  exist.33) 
Davies  and  Macfarlane39  made  an  attempt  to  co  >’er  a  sufficiently  irregular 
model  by  assuming  the  sea  to  consist  of  sinusc.^al  waves  with  successive 
waves  having  different  amplitudes  and  wavelengths  distributed  according  to 
a  Gaussian  law.  Computations  were  carried  out  using  a  modified  Kirchoff- 
princlple  method.  Although  these  models  gave  qualitative  agreement  with 
some  of  the  experimental  data  (in  particular,  it  gave  an  angular  depen¬ 
dence  similar  to  that  observed)  they  did  not  explain  the  differences  with 
polarization,  and  the  echo  Intensity  calculated  was  many  orders  of  magni¬ 
tude  less  than  measured.  In  hindsight  it  appears  that  the  smooth  surface 
of  the  sine-wave  model  is  not  realistic  for  microwave  frequencies.  It  is 
known  that  a  long,  relatively  smooth  distributed  target  will  scatter 
poorly  in  the  back  direction  unless  there  are  discontinuities  in  the  target 
or  if  the  surface  is  rough.  It.  is  interesting  to  note  that  Goldstein13 
stated  that  for  the  theory  to  explain  the  experimental  results  the  "maxi¬ 
mum  sea  wrvelength  which  contributes  to  the  echo  is  only  one-half  wave¬ 
length."  At  microwave  frequencies  "these  waves  can  thus  only  be  small 
irregularities  on  the  surface  of  the  larger  waves.  In  fact  these  corre¬ 
spond  to  ripples  smaller  than  have  been  as  yet  observed."  These  ripples 
do  exist  and  they  can  be  important  in  radar  scatter  at  microwave  frequen¬ 
cies.  Goldstein's  interpretation  of  electromagnetic  scattering  theory 
was  correct  and  it  is  unfortunate  there  wasn't  better  knowledge  available 
of  the  ripples  (capillaries)  at  that  time.  The  early  attempts  at  using 
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diffraction  theory  to  explain  sea  echo  failed  because  of  too  simple  a  model 
for  Che  sea.  Although  theory  indicated  what  the  correct  model  should  be, 
apparently  it  was  not  appreciated  until  later  that  waves  did  exist  on  the 
ocean  surface  chat  were  comparable  to  microwave  wavelengths. 

Goldstein  also  examined  the  hypothesis  that  scattering  results  from 
spray  droplets  thrown  up  above  the  water  surface.  Droplets  over  the  water 
surface  could  explain  qualitatively  the  polarization  effects  observed  experi¬ 
mentally  at  low  grazing  angles.  It  was  suggested  that  the  droplets  are  illu¬ 
minated  by  a  direct  ray  from  the  radar  and  a  ray  reflected  from  the  surface 
of  the  water.  These  two  rays  combine  vectorally  at  the  water  droplets.  With 
horizontal  polarization,  the  magnitude  of  the  reflection  coefficient  is  very 
nearly  unity  and  the  phase  shift  on  reflection  is  approximately  n  radians. 
Thus  at  low  grazing  angles  the  two  rays  will  destructively  interfere  and 
little  or  no  energy  will  illuminate  the  droplets.  The  less  energy  Illumi¬ 
nating  the  target,  the  less  will  be  the  magnitude  of  the  echo.  A  similar 
effect  occurs  with  vertical  polarization  except  for  the  important  difference 
that  at  the  Brewster  angle  the  magnitude  of  the  reflection  coefficient  is 
less  than  unity  so  that  the  direct  and  reflected  rays  do  not  produce  as  com¬ 
plete  cancellation  as  observed  with  horizontal  polarization.  Thus  the  ver¬ 
tically  polarized  waves  place  more  of  the  radiated  energy  at  low  angles  and 
will  give  a  greater  reflection  than  with  horizontal  polarization.  Simple 
theory  predicts  that  the  echo  with  horizontally  polarized  radiation  over  a 
perfectly  reflecting  surface  will  vary  as  cp4  at  low  grazing  angles.  As  the 
sea  becomes  rougher  the  differences  observed  experimentally  with  the  two 
polarizations  become  less.  This  is  explained  in  the  droplet  theory  by 
stating  that  as  the  sea  becomes  rougher  the  interference  pattern,  espe¬ 
cially  at  the  minima,  tends  to  be  destroyed.  Since  the  drops  are  small 
compared  to  the  wavelength,  the  droplet  theory  predicts  that  Che  target 
echo  should  vary  as  f4  in  rough  weather  and  f*  in  calm  weather.  This  depen¬ 
dence  of  c°  is  not  usually  observed.  Another  reason  to  suspect  the  validity 
of  the  droplet  theory  is  that  the  polarization  dependence  is  observed  experi¬ 
mentally  to  be  greatest  in  a  calm  sea  when  there  is  no  spray.  For  these  and 
ocher  reasons  Goldstein  concludes  that  it  is  "not  likely  that  the  drop  mech¬ 
anism  represents  the  actual  state  of  affairs."  The  major  Interest  in  the 
•4roplet  theory  is  that  it  seems  to  explain  the  polarization  dependence. 

This  does  not  depend  necessarily  on  the  scatterers  being  droplets  so  that 
in  seeking  a  better  model  one  might  look  for  a  different  type  of  scatterer 
but  keep  the  concept  of  direct  and  reflected  rays  at  low  grazing  angles. 

(It  might  be  noted  in  passing  that,  as  mentioned  in  Sec.  4,  breaking 
waves  do  cause  whltecaps  and  spray  that  result  in  a  spiky  echo  of  short 
duration.  Thus  spray,  droplets  or  whltecaps  can  produce  a  radar  echo  but 
they  do  not  seem  to  be  a  major  contributor  to  the  total  echo  from  the  sea. 
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Although  there  may  oe  a  correlation  between  a  whltec&p  and  the  appearance 
of  a  spiky  echo  on  an  A  scope  it  is  not  ele*r  whether  the  major  contri¬ 
bution  to  the  echo  comes  from  the  spray  or  from  the  very  peaked  crest  that 
develops  before  the  wave  breaks.) 

Katzin9*  advanced  the  suggestion  that  instead  of  droplets  Che  scatter¬ 
ing  elements  are  small  patches,  or  facets,  that  overlie  the  main  large- 
scale  wave  pattern.  He  considered  the  surface  of  the  sea  to  be  the  super¬ 
position  of  facets  of  various  sizes,  with  orientations  distributed  about 
the  main  sea  contour.  He  assumed  that  the  phases  of  the  signals  scattered 
f rn  the  facets  were  independent  and  reasoned  that  since  the  values  of  a° 
at  low  grazing  angles  were  small  (10~3  or  less)  the  scattering  mechanism 
should  be  rather  highly  directive.  This  suggested  to  him  that  the  scatter¬ 
ing  properties  of  inclined  flat  plates  (facets)  be  investigated.  Katzln 
claims  this  theory  accounts  for  the  behavior  in  the  interference  region  and 
the  critical  angle,  and  chat  it  explains  the  approximate  polarization  depen¬ 
dence,  the  approximate  frequency  dependence  and  the  behavior  near  normal 
incidence.  It  is  also  said  to  account  for  the  spikiness  observed  with  hori¬ 
zontal  polarization  at  low  grazing  angles. 

Katzln '■  facet  theory  failed  to  explain  tha  observed  upwind-downwind 
ratio  (Sec.  3)  of  sea  echo.  Schooley14  suggests  this  was  due  to  a  lack  of 
measurements  of  the  facet  size  and  slope  distributions  upon  which  to  base 
calculations.  As  mentioned  in  Sec.  3,  Schooley  measured  the  statistics  of 
the  facet  sizes  in  a  laboratory  water  wind-tunnel  and  from  these  measure¬ 
ments  calculated  the  upwind-downwind  ratio  as  a  function  of  depression 
engle  at  reveral  frequencies.  His  results  as  shown  in  Fig.  12  were  in 
sutKclv.it  qualitative  agreement  with  measurements  as  to  lend  support  to 
Kat*i*i's  facet  model. 

?<»th  Schooley  and  Katzln  assumed  that  the  scattering  from  the  facets 
was  potentially  Independent  of  the  polarization.  Wright*9’ 60  has  studied 
bnvh  experimentally  and  theoretically  the  scattering  from  capillary  waves 
intermediate  grazing  angles  in  the  plateau  region.  He  suggests  chat 
the  elemental  scatterers  are  more  appropriately  thought  of  as  patches  of 
water  waves  whose  scattering  properties  prove  to  be  strongly  polarization 
dependent.  Capillary  waves  are  small  windgenerated  ripples  of  wavelength 
less  than  about  one  inch  chat  ride  on  top  of  the  larger  wave  structure. 

They  are  important  to  the  scattering  mechanism  at  X  band  and  higher  fre¬ 
quencies  since  the  scattering  is  attributed  to  water  waves  of  propagation 
constant  k  ■  2tt/Xw,  which  are  related  to  the  microwave  propagation  con¬ 
stant  k0  =  2n/\r  by  k  =  2k0  cos  cp  ,  where  \w  =  water  wavelength,  \T  = 
radar  wavelength  and  =  grazing  angle.  Wright  derived  a  theoretical 
relation  for  the  scattering  from  Such  waves  and  was  able  to  obtain  good 
agreement  between  theory  and  experimental  measurements  of  the  variation 
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of  a °  as  a  function  of  grazing  angle  for  vertical  polarization.  The  agree¬ 
ment  for  horizontal  polarization  was  not  as  good.  Wright's  work  is  of 
interest  since  he  carried  out  his  experiments  under  controlled  laboratory 
conditions  in  a  wave  tank.  Although  the  wave  tank  may  not  represent  the 
ocean  in  all  respects,  controlled  laboratory  experiments  give  an  under¬ 
standing  of  the  factors  determining  the  radar  echo  from  the  real  ocean. 
Wright's  application  of  first  order  (small  amplitude)  scattering  theory 
appears  to  have  been  more  successful  than  previous  attempts  to  quantita¬ 
tively  associate  radar  sea  echo  to  the  properties  of  the  ocean  waves. 

It  seems  to  have  been  well  established  that  theories  describing  radar 
scattering  from  the  ocean  must  take  account  of  the  small  wave  structure 
(ripples,  capillaries,  facets)  as  well  as  the  large  wave  structure.  Theo¬ 
retical  studies69*  60  of  scattering  from  rough  surfaces  now  recognize  the 
composite  nature  of  surfaces  like  the  sea  and  consider  both  the  large-scale 
and  the  superimposed  small  scale  irregularities.  If  the  frequency  is  low 
enough  the  effect  of  the  small  scale  wave  structure  should  be  negligible 
and  only  che  large  waves  will  affect  the  sea  echo.  This  was  mentioned 
briefly  in  Sec.  6  on  doppler  effect.  At  the  lower  radar  frequencies  (HF, 
VHF  and  perhapB  UHF)  the  radar  wavelengths  are  comparable  to  the  water 
wavelengths  that  begin  to  interest  oceanographers  and  data  on  ocean  wave 
spectra  including  these  components  are  more  likely  to  be  available  than 
the  spectra  of  the  capillary  waves  that  affect  the  higher  microwave  fre¬ 
quencies. 

At  the  time  of  writing,  much  progress  has  been  made  toward  understand¬ 
ing  the  physical  mechanism  producing  sea  echo  and  in  the  development  of 
mathematical  models  that  permit  quantitative  predictions  of  sea  echo  ce- 
havlor  and  comparisons  of  theory  with  experiment.  More  progress  is  needed. 


8.  INFLUENCE  ON  DESIGN 

It  is  not  unusual  for  the  sensitivity  of  a  radar  required  to  detect 
targets  over  water  to  be  limited  by  the  sea  echo,  or  clutter,  rather  than 
receiver  "thermal"  noise.  The  sea  echo  can  extend  to  the  radar  horizon 
which  typically  might  be  about  10  miles  or  more  for  a  shipboard  radar  and 
much  farther  for  an  airborne  radar.  The  design  philosophy  of  a  clutter- 
limited  radar  can  be  decidedly  different  from  one  that  is  noise  limited. 

The  term  sea  clutter  is  used  in  this  section  for  sea  echo  to  emphasize 
that  the  echo  from  the  sea  is  a  nuisance  that  "clutters"  the  radar  with 
undesired  targets  that  can  hinder  the  detection  of  the  desired  targets. 

In  such  a  situation  the  aim  of  the  radar  designer  is  to  reduce  the  amount 
of  clutter  with  which  the  desired  target  must  compete  by  resolving  the 
target  in  doppler  frequency  (MTI),  range  (wide  bandwidth),  and  angle 
(narrow  beamwidth).  Improvement  of  the  detectability  of  targets  in  clutter 
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can  be  obtained  by  properly  employing  scan-to-scan  integration  and  pulse- 
to-pulse  frequency  agility  so  as  to  utilize  independent  samples  of  clutter 
echoes.  Techniques  such  as  logarithmic  receivers  with  PTC  (Fast  Time  Con¬ 
stant),  adaptive  video  thresholding  and  similar  methods  do  not  provide 
enhancement  of  the  target-to-clutter  ratio.  They  do  prevent  overloading 
of  the  receiver  or  display  and  are  often  helpful  for  that  reason. 

Ranae  Eauatlon  for  Clutter.  The  maximum  range  Rmax  of  a  pulse  radar 
viewing  clutter  at  low  grazing  angles  can  be  expressed  as 


R|“aX  (s/c>min  a°  ®b  C<T/2)  8ec  <P 


where  cj  is  the  target  cross  section  (A  summary  of  the  cross  section  of  sea 
targets  is  given  in  Ref.  65.),  (S/C)min  =  minimum  signal-to-clutter  ratio 
necessary  for  reliable  detection,  =  azimuth  beamwidth,  c  =  velocity  of 
propagation,  t  =  pulse  width,  and  <p  =  grazing  angle.  This  equation  is 
different  from  the  normal  radar  range  equation  that  assumes  the  sensitivity 
is  limited  by  noise  rather  than  clutter.  Note  that  the  range  aB  given  by 
Eq.  (17)  does  not  depend  explicitly  on  the  transmitted  power.  An  Increase 
in  power  increases  the  echo  from  the  target,  but  it  also  increases  in  like 
amount  the  echo  from  the  clutter.  The  transmitted  power  does  not  appear 
in  the  range  equacion  so  long  as  the  power  is  large  enough  to  make  the 
clutter  echo  at  the  receiver  significantly  larger  than  the  receiver  noise. 

For  simplicity  here  the  receiver  noise  is  ignored,  but  it  cannot  be  neglected 
at  long  ranges  or  when  the  clutter  coefficient  o°  is  small.  (More  precisely, 
the  clutter-plus-noise  power  should  be  considered  rather  than  clutter  only 
or  noise  only.)  The  antenna  gain  and  effective  aperture  do  not  appear  ex¬ 
plicitly  in  Eq.  (17)  except  for  the  azimuth  beamwidth  0^,. 

A  narrow  beam  is  desired  so  as  to  reduce  the  size  of  the  clutter  patch 
with  which  the  target  echo  must  compete.64  A  narrow  beam  implies  a  high 
gain.  For  a  given  size  aperture,  the  higher  the  frequency  the  higher  the 
gain.  This  reasoning  might  lead  to  the  selection  of  a  high  radar  fre¬ 
quency  for  a  radar  that  must  operate  in  sea  clutter,  but  it  must  be  cau¬ 
tioned  that  the  higher  the  frequency  the  greater  is  the  value  of  a0,  espe¬ 
cially  if  the  polarization  is  horizontal.  Generalities  cannot  be  offered 
in  selecting  the  radar  frequency  since  one  must  carefully  consider  factors 
not  given  explicitly  in  the  simple  radar  equation. 

The  pulse  width  of  the  radar  should  be  small  to  achieve  long  range  in 
clutter.  This  might  seem  strange  since  the  shorter  the  pulse  the  less  the 
energy  contained  in  the  signal.  Contrary  to  the  experience  with  noise- 
limited  radars,  the  lesser  energy  in  a  short  pulse  does  not  degrade  detection 
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as  long  as  the  assumptions  contained  in  Eq.  (17)  apply,  in  particular  that 
the  clutter  echo  is  large  compared  to  the  receiver  noise.  Pulse- compres¬ 
sion  waveforms  can  be  used  to  achieve  the  benefit  of  the  clutter  reduction 
afforded  by  a  short  pulse  as  well  as  the  added  energy  in  the  transmitted 
waveform  to  extend  the  range  of  the  radar  when  not  clutter  limited.  Too 
small  a  resolution  cell  can  sometimes  result  in  a  degradation  of  detec¬ 
tion  if  the  resolution  of  the  display  is  not  as  good  as  that  of  the  radar 
waveform.  A  collapsing  loss  can  result.  There  is  also  the  problem  inherent 
with  high  resolution  radar  that  there  may  be  too  much  information  for  an 
operator  to  handle  effectively.  Automatic  processing  might  be  employed  to 
relieve  the  burden  on  the  operator  but  practical  difficulties  of  equipment 
implementation  might  arise  if  the  bandwidth  associated  with  high  resolution 
signals  is  too  wide. 

The  factor  (S/C)min  is  analogous  to  the  minimum  detectable  signal- co¬ 
noise  ratio  of  the  conventional  noise- limited  radar  equation.  To  specify 
the  signal- to-clutter  ratio  for  a  given  probability  of  detection  and  average 
false  alarm  time  requires  a  knowledge  of  the  statistics  of  the  clutter,  in 
particular  the  probability  density  function  and  the  correlation  of  the  echo 
with  time  and  space.  The  statistics  of  real  sea  clutter  are  not  as  well 
described  mathematically  as  chose  of  thermal  noise.  One  of  the  simplest 
statistical  models  is  to  assume  the  clutter  echo  is  composed  of  a  large 
number  of  independent  scatterers  of  approximately  equal  size.  This  clutter 
model  is  described  by  the  Rayleigh  probability  density  function.  The  Ray¬ 
leigh  model  is  convenient  mathematically  and  it  is  the  same  probability 
density  function  that  describes  the  envelope  of  the  noise  from  a  narrow- 
band  filter.  There  is  experimental  evidence,  however,  which  indicates  that 
In  some  situations  the  sea  clutter  statistics  are  not  faithfully  described 
by  a  Rayleigh  distribution  but  show  higher  likelihood  of  obtaining  a  large 
value  of  clutter  than  would  be  given  by  a  strictly  Rayleigh  distribution.37 
(See  discussion  of  Fluctuations  in  Sec.  6.)  When  no  precise  information  of 
the  clutter  statistics  are  available  (or  more  correctly,  the  statistics  of 
clutter-plus-noise)  the  radar  designer  is  quite  likely  to  take  as  approx¬ 
imations  to  the  correct  value  for  the  signal-to-clutter  power  ratio  the 
values  of  signal-to-noise  ratio  (S/N),  visibility  factor  (V0)  or  ratio  of 
s lgnal- energy- to- noise- power- per-unit- bandwidth  (E/N0). 

The  terms  probability  of  detection,  probability  of  false  alarm  and 
average  time  between  false  alarms  have  well  understood  meanings  when  the 
target  signal  competes  only  with  receiver  noise.  They  are  less  well 
determined  when  detection  is  limited  by  clutter.  In  addition  to  not 
knowing  precisely  the  probability  density  function  for  a  particular  sea 
condition  there  is  also  the  problem  that  the  distribution  is  dependent  on 
the  direction  of  the  wind  and  it  varies  with  time  at  any  point  in  the  ocean 
and  can  be  different  at  any  one  time  at  different  locations.  Thus  the  clut¬ 
ter  statistics  in  a  particular  area  are  not  necessarily  stationary  as  can 
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generally  be  assumed  for  the  statistics  of  receiver  noise.  The  clutter 
statistics  will  also  depend  on  the  general  area  of  the  world  being  con¬ 
sidered.  A  shipbome  radar  in  the  Mediterranlan  Sea  in  the  susmer  where 
the  seas  are  relatively  calm  is  likely  to  perform  far  better  than  a  similar 
radar  in  the  North  Atlantic  during  winter.  A  radar  that  is  operating  poorly 
because  of  high  sea  conditions  is  likely  to  continue  to  operate  poorly  until 
better  sea  conditions  prevail.  Thus  one  must  treat  with  caution  concepts 
such  as  the  probability  of  detection  developed  for  the  noise-limited  situ¬ 
ations  when  applied  to  the  radar  limited  by  sea  clutter.  (Nevertheless,  the 
radar  designer  must  often  employ  the  concepts  developed  for  noise-limited 
radars  when  no  better  information  exists.)  The  oceanographer  has  data  on 
the  sea  conditions  for  various  parts  of  the  world3  but  these  are  not  always 
easy  to  convert  to  values  of  a0,  the  parameter  of  interest  to  the  radar  de¬ 
signer. 

The  sea  at  any  particular  point  is  ever  changing,  but  during  the  usual 
observation  time  of  a  scanning  radar  (perhaps  a  fraction  of  a  second)  the 
sea  is  essentially  "frozen."  Thus  the  sea  clutter  will  tend  to  be  correla¬ 
ted  from  pulse- to-pulse  throughout  the  scan  so  that  integrating  a  number  of 
pulses  does  not  necessarily  improve  the  signal-to-clutter  ratio  as  would 
Integrating  pulses  in  a  noise-limited  situation  where  the  noise  is  inde¬ 
pendent  pulse-to-pulse.  The  decorrelation  time  of  sea  echo  is  stated  by 
Croney61  to  be  about  0.01  sec  at  X  band.  He  shows  that  improvement  in 
signal-to-clutter  can  be  achieved  by  using  a  rapidly  rotating  antenna 
(600  rpm  with  a  prf  a  5000  Hz  in  his  experiments)  so  that  integration  of 
scan-to-scan  decorrelated  returns  is  practical.  Instead  of  sweeping  the 
antenna  slowly  so  as  to  obtain  a  large  number  of  pulses  per  target  per  scan 
it  is  better  to  scan  rapidly  and  to  integrate  the  same  total  number  of  re¬ 
turns  from  scan  to  scan.  The  integration  is  performed  on  a  cathode- ray- tube 
display  in  the  examples  investigated  by  Croney. 

The  decorrelation  time  of  the  order  of  0.01  sec  mentioned  above  is 
apparently  due  to  the  motion  of  the  water  surface  causing  the  scattering. 

If  this  is  the  case  then  the  decorrelation  time  might  be  expressed  as 
T<j  >  X/Av  where  X  is  the  radar  wavelength  and  v  is  the  velocity  of  the 
scatter.  The  correlation  time  thus  should  be  proportional  to  wavelength. 

However  the  velocity  of  the  wave  is  proportional  to  the  square  root  of  the 
water  wavelength  (Eqs.  (1)  and  (2))  so  that  as  the  radar  wavelength  increases 
the  correlation  time  increases,  but  at  a  slower  rate  than  that  given  by  a 
linear  law.  Another  factor  to  consider  is  that  Eqs.  (1)  and  (2)  relating 
velocity  and  wavelength  apply  to  gravity  waves  and  not  to  the  capillary 
waves  experienced  at  X  band.  Perhaps  an  upper  bound  to  the  decorrelation 
time  can  be  had  from  an  examination  of  the  solid  curve  of  Fig.  18  giving 
"doppler"  frequency  shift  as  a  function  of  frequency.  The  inverse  of  this 
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frequency  shift  may  be  considered  a  measure  of  decorrelation  time.  To 
account  for  a  decorrelation  time  of  about  0.01  sec  at  X^band  (frequency 
shift  of  100  He)  requires  that  the  scatterers  be  driven  by  a  wind  of  no 
less  than  several  knots. 

In  addition  to  the  normal  sea  clutter  there  are  often  large  peaks  of 
sea  echo  (perhaps  corresponding  to  a  radar  cross  section  of  1  sq  m  or  more) 
that  might  be  caused  by  breaking  waves.  The  correlation  time  of  these 
spike* like  echoes  is  determined  by  a  different  mechanism  than  the  simple 
water  motion  described  above.  These  echoes  might  persist  for  several  seconds 
at  X  band. 

In  the  conventional  noise* limited  radar  equation,  the  range  enters  as 
the  fourth  power.  Therefore  changes  in  such  factors  as  the  transmitter 
power,  noise  figure,  required  signal* to* noise  ratio,  and  target  cross  section 
do  not  have  as  significant  an  effect  on  the  range  as  do  similar  changes  in 
the  factors  of  the  clutter- limited  equation  where  the  range  is  to  the  first 
power.  For  example,  if  the  actual  target  cross  section  is  3  db  less  than 
that  assumed  for  calculating  the  range  in  a  noise-limited  case,  the  actual 
range  will  be  about  84/1  of  that  predicted.  In  the  clutter- limited  case  of 
Eq.  (17)  the  actual  range  would  be  half  that  calculated.  The  same  holds 
true  of  the  other  parameters.  One  of  the  most  uncertain  factors  in  the  clut¬ 
ter-limited  range  equation  is  the  value  of  c°.  An  uncertainty  of  only  3  db 
in  1 ts  value  is  considered  good.  However,  it  is  not  unusual  to  find  dif¬ 
ferences  of  10  db  in  values  of  a0  obtained  under  seemingly  identical  experi¬ 
mental  conditions.  The  radar  designer  when  possible  must  allow  for  these 
uncertainties  with  conservative  design.  Because  of  the  linear  range  depen¬ 
dence,  a  clutter-limited  radar  is  likely  to  experience  wider  fluctuations 
in  performance  than  a  noise-limited  radar. 

Equation  (17)  is  an  approximation  for  low  grazing  angles.  At  or  near 
normal  incidence,  the  applicable  equation  is 


Cx 


a  Gt  sin  <p 
cr°  4n(S/C)min 


(18) 


where  Gt  =  transmitting  antenna  gain  and  the  other  factors  have  been  defined 
previously. 

A  civil  marine  radar  must  see  stationary  targets  or  targets  moving  too 
slowly  relative  to  the  motion  of  the  sea  for  effective  MTI  or  discrimina¬ 
tion  by  doppler.  To  be  detected,  their  echoes  must  be  significantly  larger 
than  the  echoes  from  the  sea.  As  an  example  of  the  clutter  magnitude,  assume 
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a  beamwidth  of  one  degree,  a  pulse  width  of  one  microsecond,  and  the  range  f 

of  Interest  to  be  five  miles.  The  size  of  the  clutter  patch  Illuminated  by  i 

the  radar  Is  approximately  R  9j>  ct/2  =  5  x  1852  x  (1/57.2)  x  150  =  24000  ma. 

If  the  clutter  coefficient  c°  Is  -40  db  and  if  the  signal-to-clutter  ratio  ij 

must  be  16  db  for  reliable  detection,  the  minimum  size  target  than  can  be 
discerned  is  about  100  ma.  Ac  this  range  such  a  radar  will  easily  see  a 
merchant  ship  but  would  probably  not  see  a  small  fishing  vessel  or  unaug¬ 
mented  buoys. 

Polarization  Choice.  Horizontal  polarization  is  generally  chosen  for 
civil  marine  radars  since  sea  clutter  is  usually  less  with  horizontal  polar¬ 
ization.  However,  for  targets  very  low  on  the  water  vertical  polarization 
might  sometimes  result  in  better  signal-to-clutter  ratio  and  is  likely  to 
produce  fewer  false  alarms. 

As  was  mentioned  in  Sec.  3,  the  appearance  of  the  radar  display  is 
different  for  the  two  polarizations  when  viewing  the  sea  at  low  grazing 
angles.  Vertical  polarization  produces  a  more  noisellke  appearance  and 
seems  to  be  reflected  from  more  of  the  wave  than  horizontal  polarization. 

The  appearance  of  horizontal  polarization  is  spikier  and  although  ics  aver¬ 
age  level  is  higher,  the  spiky  nature  of  the  return  can  be  comparable  to  or 
larger  than  the  average  level  of  vertical  polarization.  The  spikier  nature 
of  the  clutcer  makes  it  more  difficult  to  distinguish  real  targets  from  the 
false  alarms  generated  by  the  sea  echo  even  though  the  average  value  of  u° 
for  horizontal  polarization  may  be  smaller. 

At  the  present  time  there  appears  to  be  contradictory  advice  as  to  the 
best  polarization  for  detecting  small  targets  in  sea  clutter.  Some  experi¬ 
ments  comparing  the  two  polarizations  seem  to  indicate  a  slight  preference 
for  vertical  but  most  of  the  radar  designs  use  horizontal.  The  choice  is 
not  clear.  (Perhaps  it  doesn't  matter?) 

Critical  Angle  and  Target  Detectability.  The  difference  in  critical 
angle  for  the  sea  clutter  and  the  target  can  result  in  the  detection  of 
clutter-limited  targets  at  long  ranges  when  it  would  be  undetectable  at 
shorter  ranges.  Figure  19  illustrates  qualitatively  why  this  can  happen. 

The  solid  curve  Bhows  the  approximate  variation  of  the  target  echo  signal 
with  range,  neglecting  many  factors  such  as  the  earth's  curvature,  refrac¬ 
tion,  interference  lobes,  and  target  cross  section  variation  with  eleva¬ 
tion  aspect.  These  are  neglected  to  simply  illustrate  the  gross  nature  of 
the  phenomenon  involved.  The  variation  of  the  target  echo  with  range  be¬ 
fore  the  critical  angle  is  reached,  is  as  R”4  as  it  should  be  for  the  clas¬ 
sical  radar  equation.  In  the  interference  region  below  the  critical  angle 
corresponding  to  the  target  height,  the  variation  is  as  R-8.  The  sea  clut¬ 
ter  considered  as  a  target  has  a  cross  section  of  ac  =  o°R  9^,  c(t/2)  sec  <p 
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SIMPLE  REPRESENTATION 
SHOWING  TARGET  AND  CLUTTER 


which  when  inserted  into  the  classical  radar  equation  gives  a  variation  of 
R“3  at  close  range  and  at  the  longer  ranges  when  the  clutter  lies  below 
the  critical  angle,  the  variation  is  as  R”7.  (Many  factors  have  been  omitted 
to  illustrate  the  effect  simply.)  Figure  19  shows  that  at  short  ranges  the 
target-to-clutter  ratio  can  be  sufficiently  high  for  target  detection.  As 
the  range  increases,  the  target  echo  falls  off  faster  (R“4)  than  the  clutter 
echo  (R“a  )  and  the  target-to-clutter  ratio  becomes  too  small  for  detection. 
As  the  range  is  increased  still  farther,  the  critical  angle  of  the  clutter 
is  reached  and  the  clutter  decreases  as  R"7.  If  the  target  is  sufficiently 
high  above  the  water  so  chat  it  is  not  in  the  interference  region,  the  clut¬ 
ter  echo  will  drop  below  the  target  echo  and  detection  will  again  take  place. 
Detection  will  continue  to  occur  with  increasing  range  until  the  target  is  in 
the  interference  region  and  the  curves  again  intersect  or  until  the  range  is 
so  great  chat  the  receiver  noise  is  no  longer  negligible. 

Clutter  Matched  Filter.  Classical  radar  design  calls  for  the  use  of  a 
matched  filter  in  the  receiver  to  maximize  the  signal-to-noise  ratio.  The 
noise  need  not  be  restricted  to  the  white,  Gaussian  characteristic  usually 
assumed.  Clutter  can  be  considered  as  noise  and  the  frequency  response 
function  Hc(f)  for  the  matched  clutter  filter  has  been  shown  by  Urkowitz38 
to  be 


Ht(f) 


k 

S(f) 


(19) 


where  k  is  a  constant  and  S(f)  is  the  spectrum  of  the  received  signal,  i.e., 
Fourier  transform  of  the  time  waveform  s(t).  Such  filters  maximize  the 
signal- to-clutter  ratio  when  receiver  noise  is  negligible  but  when  noise 
cannot  be  neglected  there  can  be  a  loss  in  ac^ectabillty  as  compared  to  a 
filter  matched  for  the  noise- limited  waveform  in  the  absence  of  clutter. 

Thus  some  compromise  must  often  be  made  if  a  single  clutter  filter  is  to 
be  used  in  the  noise- limited  case  as  well.  Physically  the  matched  clutter 
filter  achieves  its  effectiveness  against  clutter  by  making  the  range  reso¬ 
lution  small.  It  seems  that  both  the  matched  clutter  filter  and  the  matched 
filter  for  white,  Gaussian  noise  can  be  of  comparable  performance  against 
clutter  if  wideband  waveforms  are  used.  The  matched  filter  for  noise  would 
be  the  preferred  approach  since  it  also  does  well  in  the  absence  of  clutter. 

The  theory  and  analyses  of  optimum  filtering,  the  Q-function,  che  am¬ 
biguity  diagram  and  waveform  synthesis  for  achieving  target  enhancement  in 
the  presence  of  clutter  have  been  thoroughly  studied  in  the  literature.02 
The  practical  application  of  these  theoretical  concepts  has  been  limited. 
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HTI.  When  the  target  motion  is  sufficiently  different  from  the  motion 
of  the  sea  to  separate  the  target  echo  from  the  sea  echo  on  the  basis  of 
frequency  differences,  CW,  HTI  or  pulse  doppler  methods  may  be  onployed  for 
further  increasing  the  target* to-clutter  ratio  over  that  obtained  from  the 
resolution  in  angle  and  range.  The  separation  of  an  aircraft  target  echo 
from  the  sea  echo  by  doppler  filtering  is  a  good  way  to  eliminate  the  com¬ 
peting  clutter.  However,  a  slow  moving  ship  might  have  a  doppler  shift 
close  to  that  of  the  sea  so  that  HTI  or  doppler  processing  would  be  diffi¬ 
cult.  The  problem  is  even  more  difficult  when  the  HTI  radar  is  on  a  moving 
platform  such  as  a  ship.  As  far  as  is  known,  past  HTI  radar  design  has  gen¬ 
erally  been  conventional  in  that  low-pass  filtering  is  employed  to  eliminate 
clutter  rather  than  the  bandpass  filtering  as  might  be  a  better  fit  to  the 
actual  spectrum  as  mentioned  in  Sec.  6. 

Decorrelation  with  Frequency.  The  echo  from  a  distributed  target  such 
as  sea  clutter  will  fluctuate  in  amplitude  as  a  function  of  frequency.  The 
frequency  must  change  by  approximately  the  reciprocal  of  the  pulse  width 
for  decorrelation  of  the  echo  amplitude.  The  return  from  an  ideal  point 
target  is  independent  of  the  frequency.  Therefore  it  has  been  suggested 
that  target- to-clutter  enhancement  can  be  obtained  by  using  pulse- to-pulse 
frequency  agility.  There  are  several  methods  for  processing  the  signal  to 
achieve  the  reduction  in  clutter  but  the  basic  principle  is  to  filter  the 
nonfluctuating  from  the  fluctuating  return. 

The  frequency  agility  technique  performs  signal  processing  in  the  video 
portion  of  the  receiver  after  the  phase  information  has  been  removed.  It 
ccts  on  the  amplitude  information  only  (noncoherent  signal  processing).  The 
physical  process  that  is  employed  to  reduce  the  clutter  relative  to  the  point 
target  is  the  equivalent  of  range  resolution  and  employs  bandwidth  for  this 
purpose  just  as  the  short  pulse  and  the  pulse  compression  radars  do  for  re¬ 
ducing  clutter.  The  classical  short  pulse  radar  also  can  be  thought  of  as 
decorrelatlng  the  clutter.  Its  spectrum  can  be  broken  into  a  number  of  nar¬ 
row  intervals  analogous  to  the  different  frequencies  employed  by  the  fre¬ 
quency-agile,  clutter-decorrelation  radar.  Clutter  is  decorrclated  except 
in  the  region  corresponding  to  the  reciprocal  of  the  bandwidth.  Thus  the 
short  pulse  and  pulse  compression  radars  are  cousins  to  the  frequency  agile 
radar.  The  usual  frequency  agile  radar  as  referred  to  here  performs  its 
processing  in  the  video  and  so  will  suffer  more  degradation  at  low  signal- 
to-noise  ratios  than  a  short  pulse  or  pulse  compression  radar  with  coherent 
(matched  filter)  predetection  processing.  The  short  pulse  technique  is  also 
superior  to  the  usual  implementation  of  a  noncoherent  frequency-agile  radar 
when  viewing  a  large  distributed  target  in  distributed  clutter.  The  short 
pulse  rtdar  can  resolve  the  target  and  night  even  give  an  indication  of  its 
shape,  without  loss  in  detectability.  The  noncoherent  frequency-agile  radar 
on  the  other  hand  might  process  a  distributed  target  Just  as  it  would  dis¬ 
tributed  clutter  and  the  target  might  be  removed  along  with  the  clutter. 
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Another  advantage  of  coherent  methods  Is  that  it  is  known  how  to  design 
such  waveforms  for  good  range  and  doppler  resolution.  The  frequency  agile 
radar  might  have  an  advantage  in  some  limited  situations  if  the  bandwidth 
over  which  it  operates  is  considerably  greater  than  that  which  can  be 
obtained  by  a  coherent  pulse  compression  or  short  pulse  radar.  In  9uch  a 
case  there  could  be  an  equipment  advantage  for  the  wide- band  noncoherent 
frequency-agile  signal  processing  method.  However,  the  state  of  the  art 
in  pulse  compression  is  such  that  there  are  not  many  situations  where  a 
noncoherent  frequency-agile,  clutter-decorrelation  radar  would  be  the  pre¬ 
ferred  means  for  enhancing  the  target- to-clutter  ratio. 

The  Selection  of  g°.  One  of  the  recurring  messages  made  throughout 
this  report  is  that  the  existing  data  for  sea  echo  is  not  precise  and  is 
not  completely  related  to  a  satisfactory  theoretical  model  of  the  sea 
scattering  mechanism  or  to  oceanographic  parameters.  Nevertheless,  the 
radar  system  engineer  must  have  quantitative  information  on  which  to  base 
design  and  has  to  use  the  best  data  he  thinks  is  available  even  if  it  is 
lacking  in  accuracy.  The  designer  needs  to  know  of  a  0  its  probability 
density  function,  its  correlation  with  time  and  its  variation  over  a  period 
of  time  and  with  location.  These  can  be  determined  in  any  specific  situation 
but  it  is  usually  too  expensive  to  obtain  complete  information  in  most  cir¬ 
cumstances.  The  radar  designer  must  estimate  these  factors  as  best  as  pos¬ 
sible  from  the  existing  data  and  apply  a  safety  factor  if  circumstances  per¬ 
mit  this  luxury.  Often  only  the  average  or  the  median  value  of  a0  is  avail¬ 
able  and  not  too  good  a  value  at  that. 

The  curves  of  Fig.  7  can  be  used  as  a  basis  for  selecting  a  value  of  a° 
for  design  purposes  when  no  better  information  is  available.  These  curves 
might  apply  for  winds  of  15  knots  at  microwave  frequencies.  To  account  for 
a0  at  other  wind  speeds  the  critical  angle  should  be  changed  as  given  by 
Eq.  (6)  with  the  data  for  wave  height  as  given  in  Fig.  2.  The  curves  In  the 
plateau  region  should  be  raised  or  lowered  by  the  values  suggested  in  Sec.  3. 

The  value  of  a0  at  normal  incidence  for  other  wind  speeds  can  be  found  from 
Fig.  8.  With  a  little  boldness,  design  values  can  be  gener3ced  provided  the 
data  of  Fig.  7  is  not  extrapolated  too  far  and  the  degree  of  uncertainty  in 
the  data  is  properly  understood.  The  designer  should  not  come  to  believe 
that  with  repeated  usage  this  information  becomes  more  correct.  It  should 

always  be  kept  in  mind  that  existing  sea  echo  data  can  be  improved  but  that  » 

the  engineer  must  do  the  best  with  whatever  is  available  at  the  time  it  is 
needed.  Figure  20  is  an  example  of  the  results  of  this  type  of  brash  ex¬ 
trapolation  for  a  wind  speed  of  30  knots.  Such  extrapolations  should  be 
used  only  when  no  other  information  exists. 
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POTENTIAL  OCEANOGRAPHIC  APPLICATIONS 


Radar  sea  echo  Is  a  nuisance  to  the  radar  designer  who  wants  to  maxi¬ 
mize  the  ability  to  detect  and  track  targets  over  the  ocean.  It  is  a  form 
of  interference  that  can  limit  the  sensitivity  of  radar.  However,  sea 
echo  can  serve  some  useful  purpose  to  the  oceanographer,  if  not  the  radar 
designer.  In  recent  years  there  has  been  increasing  interest  in  applying 
radar  for  the  measurement  of  oceanographic  information.  The  oceanographic- 
measurement  radar  might  be  operated  from  land,  ship  or  aircraft  and  serious 
consideration  is  being  given  to  operation  from  satellites. 

Of  chief  interest  seems  to  be  the  use  of  radar  to  measure  the  rough¬ 
ness  of  the  sea,  or  the  sea  state.  Since  the  sea  surface  roughness  is  de¬ 
pendent  upon  the  wind  it  is  hoped  that  radar  sea  echo  can  give  an  indica¬ 
tion  of  the  local  wind  conditions  as  well  as  the  roughness.  The  effect  of 
wind  on  o°  vs  grazing  angle  as  in  Figs.  6  and  7  illustrates  several  methods 
for  measuring  wind  (or  see  state)  with  radar.  Consider  the  variation  of  o° 
vs  angle  near  normal  incidence  as  illustrated  in  Fig.  21.  The  shape  of  this 
portion  of  the  o°  vs  cp  curves  depends  on  the  wind.  The  scatterometer  pro¬ 
posed  by  Moore  and  Pierson67  is  based  on  this  principle.  The  scatterometer 
measures  o°  vs  grazing  angle  and  relates  the  shape  to  the  surface  wind  speed. 

It  might  also  be  possible  to  correlate  the  absolute  value  of  the  echo 
at  normal  incidence  with  sea  state.  This  would  have  the  advantage,  if  it 
could  be  accomplished,  of  requiring  the  least  power  of  any  method  for  sea 
state  measurement  since  cr°  is  at  its  maximum  value  at  normal  incidence. 

In  the  plateau  region  the  value  of  a0  depends  on  the  wind  and  might  be 
used  to  correlate  radar  with  sea  conditions.  The  variability  of  the  data 
has  generally  been  too  great  for  serious  attempts  to  take  advantage  of  this 
correlation. 

In  principle,  the  critical  angle  can  also  be  used  to  measure  surface 
roughness.  This  would  require  much  more  power  than  the  scatterometer  be¬ 
cause  of  the  lower  values  of  cr°  at  the  critical  angle,  perhaps  as  much  as 
20  db  or  more. 

Sea  state  might  also  be  measured  with  high  range  resolution  radar  by 
examining  the  build  up  time  of  the  leading  edge  of  the  pulse  when  viewing 
the  sea  at  normal  incidence.  High  range  resolution  combined  with  high 
angle  resolution  can  actually  profile  the  wave  shape.  Such  radars  probably 
would  have  to  operate  at  the  higher  microwave  frequencies,  millimeter  waves, 
or  laser  frequencies  in  order  to  achieve  the  necessary  resolution. 

Polarization  ratio  is  also  sea  state  dependent  and  might  be  useful  if 
the  variability  in  measurement  is  not  excessive. 
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The  sea  echo  from  microwave  radar  at  the  lower  grating  angles  depends 
on  the  direction  of  the  wind  relative  to  the  radar  pointing  direction.  The 
echo  is  generally  greatest  looking  into  the  wind  and  least  looking  with  the 
wind.  Measurements  of  o°  as  a  function  of  angle  about  a  single  observation 
point  can  then  give  the  wind  direction.  This,  however,  is  difficult  to 
achieve. 

The  wind  direction  might  also  be  obtained  by  comparing  the  magnitude 
of  the  two  r.oppler  frequency  components  corresponding  to  the  approaching 
and  receding  resonant  waves.  (This  correlation  with  wind  has  yet  to  be 
proven.)  By  measuring  the  amplitude  of  the  doppler  frequency  components 
over  a  range  of  carrier  frequencies,  the  ocean  wave  spectrum  mlg^t  possibly 
be  obtained. 

Water  wavelengths  and  direction  might  be  obtained  by  an  imaging  radar 
that  can  map  the  wave  patterns.  Imaging  radars  can  also  discern  land-sea 
and  ice-sea  boundaries  and  can  differentiate  between  different  types  of  sea 
ice,  if  the  dynamic  range  of  the  radar  is  adequate. 

Microwave  and  millimeter  radar  might  also  be  used  to  study  the  very 
small  waves  in  the  ocean.  Present  oceanographic  techniques  for  studying 
the  small  capillary  waves  could  be  improved  and  radar  is  worth  trying. 

In  addition  to  wave  profiling,  lasers  operating  at  frequencies  that 
can  penetrate  the  water  (blue-green)  can  also  measure  turbidity  and  do 
bottom  contouring  if  the  water  is  not  too  deep. 

Measurement  of  the  reflection  coefficient  of  the  sea  over  a  range  of 
frequencies  under  known  sea-state  conditions  might  be  able  to  yield  infor¬ 
mation  as  to  the  electrical  properties  of  the  sea,  from  which  salinity 
might  be  inferred. 

Although  there  seems  to  be  many  possible  applications  of  radar  to 
oceanography  there  has  not  been  wide  exploitation  of  radar  «.*>r  this  pur¬ 
pose.  Demonstration  of  feasibility  would  be  required  for  almost  all  of 
the  above  mentioned  techniques  since  most  of  these  are  st^.l  in  the  cate¬ 
gory  of  hopeful  ideas  rather  than  proven  capabilities. 
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